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 Organic redox-active materials offer advantages of material tunability while maintaining 
high performance for next-generation energy storage and conversion solutions. Macromolecular 
architectures such as oligomers, polymers, and colloids have recently gained interest for their size-
exclusion capabilities for preventing capacity fades in flow batteries. These architectures are 
highly tunable and made redox-active by the incorporation of organic redox motifs as pendants. 
Traditionally, redox active polymers (RAPs) have been electrochemically studied as films or 
composites, with few examples of solution-based studies until recently. In this dissertation, I 
explore the design and electrochemical characterization of the redox activity of these RAPs in 
solution and their behavior at electrode interfaces. The main polymers of interest evaluated contain 
viologen, ferrocene, and cyclopropenium-based pendant groups. The introduction of crosslinked 
versions of these polymers, called redox active colloids (RACs), that can be fully excluded from 
crossing porous membranes are introduced as morphologically controlled redox active material. 
Importantly, prototype flow battery testing of these RAPs as catholyte/anolyte pairs are 
investigated for demonstrating their potential use in enabling next-generation nonaqueous redox 
flow batteries. Alternative applications for these RAPs are also explored by taking advantage of 
their redox potentials to catalyze chemical reactions in solution. This RAP electrocatalysis is 
investigated for catalyzing reactions such as peroxide formation in varied lithium environments. 
For these studies, a combination of experimental techniques including cyclic voltammetry, 
potential-controlled electrolysis, spectro-electrochemistry, and Galvanostatic cycling were used to 
characterize RAP and RAC reactivity. In sum, this dissertation elucidates the electrochemical 
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 The research presented in this dissertation principally introduces macromolecular 
architectures for use as soluble active materials for energy storage. The main applicability explored 
for these materials is in redox flow batteries (RFBs). Therefore, this introduction serves as a 
general overview of RFBs, a current potential energy storage technology for the electrical grid. 
The concept of a size-exclusion flow battery design is also introduced. In addition, this chapter 
aims to orient the reader as to the importance of developing novel nanomaterials for energy storage. 




1.2 Energy Storage Technologies for the Grid 
 The electrical grid is a critical component of modern infrastructure to power today’s 
advanced technologies. Currently, there is high research interest in large-scale energy storage for 
goals such as efficiently integrating renewable sources of energy and increasing grid reliability.1-2 
Energy storage can provide large amounts of electricity on demand when coupled to generation 
sources in the grid. Alternative energy sources such as wind and solar are intrinsically intermittent, 
thus coupled energy storage systems enable continuous energy supply into the grid. Most utilities 
that provide electricity currently generate energy on-demand for immediate consumption. 
Inherently, this means that there are substantial amounts of time during the day when generators 
dedicated to peak hours sit idle. This constant ramping of energy up and down consumes higher 
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amounts of fuel than if generators were used more constantly, thereby decreasing their efficiency.  
Therefore, energy storage systems are of interest because they could provide the energy required 
during those peak load times to level the grid production/generation.  
 A variety of energy storage technologies exist that range from mechanical to electrical, 
chemical, and electrochemical.3 Mechanical energy storage includes systems such as pumped 
hydro (pumped-storage hydroelectricity) and flywheels. Electrical systems are based on 
supercapacitors or superconducting electromagnetic storage. Chemical energy storage refers to 
chemicals such as hydrogen. Electrochemical energy storage (EES) refers to technologies like 
secondary (rechargeable) batteries and fuel cells. Even though pumped hydro makes up more than 
95 % of the currently available storage capacity in the US, over the past 10 years electrochemical 
battery-based storage deployment has been accelerating.4 Battery technologies are highly varied 
and at different stages of maturity including systems such Li-ion, nickel-cadmium, lead-acid, Na-
S, metal-air, and redox flow. Technologies like lead-acid and Na-S are mature technologies that 
have already been deployed3 while technologies like redox flow have just begun 




1.3 The Redox Flow Battery 
 Research interest in redox flow batteries (RFBs) has had a rapid resurgence thanks to their 
promise of long-term durability and scalability for large-scale applications as the renewable energy 
sector grows.7-9 RFBs were first developed in the 1970s10 and store energy in redox couples that 
are dissolved in electrolyte solutions. Figure 1.1 shows the basic components of an RFB. The 
active material solutions are stored in separate tanks and flowed using pumps through the 
electrochemical cell where the active material is charged or discharged. At the cell, a membrane 
separates the solutions while enabling ion exchange to maintain electroneutrality and close the 
battery circuit. Separating the active material from the electrode cell makes the RFB highly 
attractive for cost-effective scale up because its energy and power capacities are fully independent. 











where m = mass, n = number of electrons, F = Faraday’s constant, M = molar mass, V  = volume. 
Thus, the tank volume, redox material concentration, and number of electrons dictate the amount 
of charge in the solution. The energy density (Edensity) of the RFB is then measured by incorporating 
the voltage (U) between the redox active materials and is measured in Wh/L:   
Edensity = Qv U (2) 
The capacity and energy of the battery are dictated by the tank volume, redox material 
concentration, and voltage while the power is modulated by the cell electrode area and current 
density applied. Thus the power density (in W/cm2) of an RFB takes into account the current used 
to charge and discharge the battery in amps, the exposed area in cm2, and the voltage in volts. 
 
 
Figure 1.1 Schematic diagram of a redox flow battery. The basic RFB cell is comprised of two 
compartments separated by a membrane that allows supporting electrolyte ions to cross. Generic redox 
reactions are shown at each electrode. The liquid electrolyte is flowed from external tanks using pumps. 
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The electrolytic medium of the RFB solution can be either aqueous or nonaqueous. The 
most extensively studied systems are in aqueous media and utilize vanadium-based complexes as 
their active redox couples or other metal-based actives.11 Nevertheless, aqueous systems are 
limited in the accessible voltage (up to ca. 1.5 V) for the battery due to the electrolysis of water.8 
This limits the accessible energy density for aqueous RFBs. Thus, the alternative of creating RFBs 
with non-aqueous solvents rather than water brings possibilities of higher energy densities owing 
to enlarged potential stability windows.12 A higher voltage range also enhances the molecular 
design space for the active material redox couples.  
Organic molecules for use as RFB active materials have become widely studied recently 
due to issues of cost and scarcity related to conventional metal-based actives.13 Organic molecules 
have the potential to be more sustainable and inexpensive and dissolve in either aqueous or 
nonaqueous media. The first all-organic nonaqueous RFB example was reported in 201114 and in 
2014 the first aqueous example.15 Since then there have been many examples of organic active 
materials under development including quinone,16 stable NO radical,17-18 viologen,17 and 
alkoxybenzene19 derivatives. 
 The membrane that separates the catholyte and anolyte compartments in the RFB cell is a 
critical component for preventing crossover of the active redox couples. Should the anolyte and 
catholyte solutions mix, they would spontaneously discharge, thereby decreasing the battery’s 
capacity over time. Moreover, crossover of active materials has the possibility of leading to decay 
products or cross-contamination that leads to further losses in capacity and efficiency.20  
Membranes frequently used are ion exchange membranes (IEMs) that selectively allow transport 
of just the supporting electrolyte ions. Many of the IEMs studied and used have been developed 
for aqueous use and vanadium chemistries.21-22 The perfluorinated membranes, such as proton 
exchanging Nafion, suffer from high costs and low selectivity.21 Figure 1.2 shows the cost 
comparisons for RFB components, visualizing the cost impact of ion exchange membranes on 
overall system cost. Non-fluorinated materials have also been studied extensively, but these also 
have challenges associated to lower conductivity and chemical stability.23 For application to 
nonaqueous RFBs, IEMs tend to have very low conductivity24-25 that would limit the RFB’s 
feasibility in addition to its high cost factor. Porous separators typically used for lithium-ion 
applications have been proposed as more chemically stable alternatives for nonaqueous RFB 
separators.26 Additionally, porous separators tend to have higher conductivities than IEMs in 
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organic solvents27 as well as much lower cost considerations8 (Figure 1.2). Nevertheless, these 
require tailored pore sizes to prevent crossover of small molecules. Thus, nonaqueous RFB 
deployment has yet to take off due to the lack of suitable membranes that can prevent crossover 




1.4 Concepts of Size-Exclusion in Redox Flow 
In recent years, our collaboration within the Joint Center for Energy Storage Research 
(JCESR) proposed the concept of using size-selectivity rather than ionic selectivity through the 
RFB separating membrane in nonaqueous media.28 In this way, the active material’s molecular 
size is tailored to be large enough to be rejected from crossing inexpensive porous membranes. 
They demonstrated the concept using poly(vinylbenzylethylviologen) polymers of increasing 




Figure 1.2 Cost comparison of reported flow battery reactor component costs (in $/m2, 2014)20 for 




(pore radius of 14 nm). These polymers had redox active pendants with viologen groups that 
maintained electrochemical properties similar to their parent small molecules, thus enabling a new 
variety of nonaqueous RFB. The working principle of the size-exclusion RFB is presented in 
Figure 1.3. Since the introduction of soluble viologen polymers, other groups have demonstrated 




1.5 Scope and Organization 
 The work presented in this dissertation will elaborate on the all-polymer nonaqueous RFB 
concept31 as well as introduce new macromolecular materials to enhance size-exclusion RFBs.32 
Chapter 2 will focus on the introduction of redox active colloids as a new type of macromolecular 
active material for flow batteries that can be 100 % rejected from crossing commercial membranes. 
Chapter 3 investigates a prototype nonaqueous RFB using soluble polymers at both sides of the 
battery. Comparative studies were done with varied membrane and separator types as well as with 
the monomer equivalents of the polymers to validate the size-exclusion RFB concept. Chapter 4 
explores the molecular design of a high potential catholyte polymer to enable design guidelines 
for translating redox active small molecules to polymers. Finally, Chapter 5 probes the 
 
 
Figure 1.3 Schematic diagram of a size-exclusion redox flow battery using polymers. The membrane is 




applicability of these redox active polymers for alternate applications in addition to flow batteries. 
Specifically, the chapter explores the electrocatalytic properties of these polymers for use in 





1. Basic Research Needs for Next Generation Electrical Energy Storage; U.S. Department of 
Energy: Washington D.C., 2017. 
2. Dunn, B.; Kamath, H.; Tarascon, J.-M., Electrical Energy Storage for the Grid: A Battery 
of Choices. Science 2011, 334 (6058), 928-935. 
3. Soloveichik, G. L., Battery Technologies for Large-Scale Stationary Energy Storage. Annu. 
Rev. Chem. Biomol. 2011, 2 (1), 503-527. 
4. Buttry, D.; Ceder, G.; Chalamala, B.; Darling, R.; Dudney, N.; Dunn, B.; Ingram, B.; Liu, 
J.; Marschilok, A.; McCloskey, B.; Persson, K.; Prieto, A.; Sprenkle, V.; Srinivasan, V.; 
Stach, E.; Toney, M.; Wang, F.; Wu, Y.; Zavadil, K. Electrical Energy Storage Factual 
Status Document; United States Department of Energy: Washington D.C., 2017. 
5. Park, M.; Ryu, J.; Wang, W.; Cho, J., Material design and engineering of next-generation 
flow-battery technologies. Nat. Rev. Mater. 2016, 2, 16080. 
6. Service, R. F., Advances in flow batteries promise cheap backup power. Science 2018, 362 
(6414), 508. 
7. Skyllas-Kazacos, M.; Chakrabarti, M. H.; Hajimolana, S. A.; Mjalli, F. S.; Saleem, M., 
Progress in Flow Battery Research and Development. J. Electrochem. Soc. 2011, 158 (8), 
R55-R79. 
8. Darling, R. M.; Gallagher, K. G.; Kowalski, J. A.; Ha, S.; Brushett, F. R., Pathways to low-
cost electrochemical energy storage: a comparison of aqueous and nonaqueous flow 
batteries. Energy Environ. Sci. 2014, 7 (11), 3459-3477. 
9. Perry, M. L.; Weber, A. Z., Advanced Redox-Flow Batteries: A Perspective. J. 
Electrochem. Soc. 2016, 163 (1), A5064-A5067. 
10. Thaller, L. H. Electrically rechargeable redox flow cell. U.S. Patent 3,996,064, 1976. 
8 
 
11. Yang, Z.; Zhang, J.; Kintner-Meyer, M. C. W.; Lu, X.; Choi, D.; Lemmon, J. P.; Liu, J., 
Electrochemical Energy Storage for Green Grid. Chem. Rev. 2011, 111 (5), 3577-3613. 
12. Bard, A. J.; Faulkner, L. R., Electrochemical Methods: Fundamentals and Applications. 
2nd ed.; Wiley: 2000. 
13. Winsberg, J.; Hagemann, T.; Janoschka, T.; Hager, M. D.; Schubert, U. S., Redox-Flow 
Batteries: From Metals to Organic Redox-Active Materials. Angew. Chem. Int. Ed. 2016, 
56 (3), 686-711. 
14. Li, Z.; Li, S.; Liu, S.; Huang, K.; Fang, D.; Wang, F.; Peng, S., Electrochemical Properties 
of an All-Organic Redox Flow Battery Using 2,2,6,6-Tetramethyl-1-Piperidinyloxy and N-
Methylphthalimide. Electrochem. Solid State Lett. 2011, 14 (12), A171-A173. 
15. Yang, B.; Hoober-Burkhardt, L.; Wang, F.; Surya Prakash, G. K.; Narayanan, S. R., An 
Inexpensive Aqueous Flow Battery for Large-Scale Electrical Energy Storage Based on 
Water-Soluble Organic Redox Couples. J. Electrochem. Soc. 2014, 161 (9), A1371-A1380. 
16. Lin, K. X.; Chen, Q.; Gerhardt, M. R.; Tong, L. C.; Kim, S. B.; Eisenach, L.; Valle, A. W.; 
Hardee, D.; Gordon, R. G.; Aziz, M. J.; Marshak, M. P., Alkaline quinone flow battery. 
Science 2015, 349 (6255), 1529-1532. 
17. Liu, T.; Wei, X.; Nie, Z.; Sprenkle, V.; Wang, W., A Total Organic Aqueous Redox Flow 
Battery Employing a Low Cost and Sustainable Methyl Viologen Anolyte and 4-HO-
TEMPO Catholyte. Adv. Energy Mater. 2016, 6 (3), 1501449. 
18. Wei, X.; Xu, W.; Vijayakumar, M.; Cosimbescu, L.; Liu, T.; Sprenkle, V.; Wang, W., 
TEMPO-Based Catholyte for High-Energy Density Nonaqueous Redox Flow Batteries. 
Adv. Mater. 2014, 26 (45), 7649-7653. 
19. Huang, J.; Pan, B.; Duan, W.; Wei, X.; Assary, R. S.; Su, L.; Brushett, F. R.; Cheng, L.; 
Liao, C.; Ferrandon, M. S.; Wang, W.; Zhang, Z.; Burrell, A. K.; Curtiss, L. A.; Shkrob, I. 
A.; Moore, J. S.; Zhang, L., The lightest organic radical cation for charge storage in redox 
flow batteries. Sci. Rep. 2016, 6, 32102. 
20. Darling, R.; Gallagher, K.; Xie, W.; Su, L.; Brushett, F., Transport Property Requirements 
for Flow Battery Separators. J. Electrochem. Soc. 2016, 163 (1), A5029-A5040. 
21. Ding, C.; Zhang, H.; Li, X.; Liu, T.; Xing, F., Vanadium Flow Battery for Energy Storage: 
Prospects and Challenges. J. Phys. Chem. Lett. 2013, 4 (8), 1281-1294. 
9 
 
22. Li, X.; Zhang, H.; Mai, Z.; Zhang, H.; Vankelecom, I., Ion exchange membranes for 
vanadium redox flow battery (VRB) applications. Energy Environ. Sci. 2011, 4 (4), 1147-
1160. 
23. Maurya, S.; Shin, S.-H.; Kim, Y.; Moon, S.-H., A review on recent developments of anion 
exchange membranes for fuel cells and redox flow batteries. RSC Adv. 2015, 5 (47), 37206-
37230. 
24. Su, L.; Darling, R. M.; Gallagher, K. G.; Xie, W.; Thelen, J. L.; Badel, A. F.; Barton, J. L.; 
Cheng, K. J.; Balsara, N. P.; Moore, J. S.; Brushett, F. R., An Investigation of the Ionic 
Conductivity and Species Crossover of Lithiated Nafion 117 in Nonaqueous Electrolytes. J. 
Electrochem. Soc. 2016, 163 (1), A5253-A5262. 
25. Doyle, M.; Lewittes, M. E.; Roelofs, M. G.; Perusich, S. A.; Lowrey, R. E., Relationship 
between ionic conductivity of perfluorinated ionomeric membranes and nonaqueous 
solvent properties. J. Membr. Sci. 2001, 184 (2), 257-273. 
26. Shin, S.-H.; Yun, S.-H.; Moon, S.-H., A review of current developments in non-aqueous 
redox flow batteries: characterization of their membranes for design perspective. RSC Adv. 
2013, 3 (24), 9095-9116. 
27. Hudak, N. S.; Small, L. J.; Pratt, H. D.; Anderson, T. M., Through-Plane Conductivities of 
Membranes for Nonaqueous Redox Flow Batteries. J. Electrochem. Soc. 2015, 162 (10), 
A2188-A2194. 
28. Nagarjuna, G.; Hui, J.; Cheng, K. J.; Lichtenstein, T.; Shen, M.; Moore, J. S.; Rodríguez-
López, J., Impact of Redox-Active Polymer Molecular Weight on the Electrochemical 
Properties and Transport Across Porous Separators in Nonaqueous Solvents. J. Am. Chem. 
Soc. 2014, 136 (46), 16309-16316. 
29. Janoschka, T.; Martin, N.; Martin, U.; Friebe, C.; Morgenstern, S.; Hiller, H.; Hager, M. 
D.; Schubert, U. S., An aqueous, polymer-based redox-flow battery using non-corrosive, 
safe, and low-cost materials. Nature 2015, 527 (7576), 78-81. 
30. Winsberg, J.; Hagemann, T.; Muench, S.; Friebe, C.; Häupler, B.; Janoschka, T.; 
Morgenstern, S.; Hager, M. D.; Schubert, U. S., Poly(boron-dipyrromethene)—A Redox-




31. Montoto, E. C.; Nagarjuna, G.; Moore, J. S.; Rodríguez-López, J., Redox Active Polymers 
for Non-Aqueous Redox Flow Batteries: Validation of the Size-Exclusion Approach. J. 
Electrochem. Soc. 2017, 164 (7), A1688-A1694. 
32. Montoto, E. C.; Nagarjuna, G.; Hui, J.; Burgess, M.; Sekerak, N. M.; Hernández-Burgos, 
K.; Wei, T.-S.; Kneer, M.; Grolman, J.; Cheng, K. J.; Lewis, J. A.; Moore, J. S.; Rodríguez-
López, J., Redox Active Colloids as Discrete Energy Storage Carriers. J. Am. Chem. Soc. 














Versatile and readily available battery materials compatible with a range of electrode 
configurations and cell designs are desirable for renewable energy storage. Here we report a 
promising class of materials based on redox active colloids (RACs) that are inherently modular in 
their design and overcome challenges faced by small-molecule organic materials for battery 
applications, such as crossover and chemical/morphological stability. RACs are crosslinked 
polymer spheres, synthesized with uniform diameters between 80 and 800 nm, and exhibit 
reversible redox activity as single particles, as monolayer films, and in the form of flowable 
dispersions. Viologen-based RACs display reversible cycling, accessing up to 99% of their 
capacity and 99 ± 1 % Coulombic efficiency over 50 cycles by bulk electrolysis owing to efficient, 
long-distance intra-particle charge transfer. Ferrocene-based RACs paired with viologen-based 
                                                 
†This chapter appeared in its entirety as a research article in the Journal of the American Chemical 
Society:  
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Wei, T.-S.; Kneer, M.; Grolman, J.; Cheng, K. J.; Lewis, J. A.; Moore, J. S.; Rodríguez-López, 
J., Redox Active Colloids as Discrete Energy Storage Carriers. J. Am. Chem. Soc. 2016, 138 (40), 
13230-13237. 
The article has been adapted with permission from the publisher and is available with accompanying 
Supplementary Information from https://pubs.acs.org/ and using DOI: 10.1021/jacs.6b06365. 
Copyright 2016 American Chemical Society. E.C.M. performed all electrochemical experiments in this 
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RACs cycled efficiently in a non-aqueous redox flow battery employing a simple size-selective 
separator, thus demonstrating a possible application that benefits from their colloidal dimensions. 
The unprecedented versatility in RAC synthetic and electrochemical design opens new avenues 




There is increasing interest in versatile electrical energy storage materials that readily adapt 
to different electrode designs as well as capacity and power needs.1-2 Organic-based redox 
materials are promising in this regard, with their wide-ranging electrochemical potentials in non-
aqueous electrolytes and molecularly tunable properties. However, small organics display 
pervasive and detrimental material crossover, which limits their long-term use. Here we report on 
redox active colloids (RACs), a promising class of polymer-based particles that store energy 
efficiently and reversibly. RACs act as discrete charge carriers that incorporate redox pendants for 
facile charge transport within a well-defined 3D geometry. These particles are structurally stable, 
exhibit high charge density, and retain the redox signatures of the constituent monomer, easily 
varied via organic synthesis.  
Combining efficient energy storage with a high degree of morphological control makes 
RACs a conceptually promising building block deployable in various modalities, including 
individual particles, well-defined particle films, and redox active dispersions. This versatility 
addresses several challenges faced by stationary and flow battery materials. Their microscale 
dimensions dramatically decrease the pervasive and detrimental material crossover observed 
across separating membranes when small-molecules are used as redox materials.3-4 Unlike organic 
nanocrystals which disintegrate during charge/discharge cycling,5-6 RACs retain their 
morphological integrity due to their cross-linking. In contrast to macromolecules such as 
dendrimers,7-8 micelles,9 and polymers,10-14 RACs offer a wider range of sizes, spanning from tens 
to thousands of nanometers.  
RAC dispersions, with tunable inter-particle interactions and rheological properties are 
attractive candidates for emerging non-aqueous flow battery technologies15-17 that rely on size 
exclusion rather than ion exchange membranes.18-19 A major challenge in redox flow batteries is 
simultaneously decreasing resistive losses due to electrolyte transport through the membrane that 
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separates anolyte and catholyte, while blocking the redox species from crossing over 
compartments.17-18, 20-21 Because of the low conductivity of organic electrolytes, this challenge is 
exacerbated in non-aqueous redox flow batteries (NRFBs).1, 15-16, 19 We recently demonstrated that 
inexpensive nanoporous separators enabled a size-selective strategy in NRFBs when using redox 
active polymers (RAPs) of 8 to 14 nm in diameter as storage media.12 Nanopores allowed the 
unimpeded transport of supporting electrolyte, while RAPs largely remained in their half-cell 
compartment, displaying cross-over values as low as 7%.12 A polymer-based size-exclusion flow 
battery has been demonstrated recently.13 Here, we explore how the larger dimensions attainable 
with RACs show promise in size-exclusion flow batteries by greatly reducing crossover while 
preserving the redox properties of its small-molecule constituents. Further, the ability to shuttle 
charge in discrete units capable of conforming to various electrode designs makes RACs 
immediately of interest to a broad range of applications in electrochromic devices, redox sensors, 




2.3 Materials and Methods 
Material Preparation – Functionalized RACs (RACs 1-4) were prepared from crosslinked 
colloidal poly(vinylbenzyl chloride) (xPVBC) and respective pendants ethyl viologen (RACs 1-
3) or (dimethylaminomethyl) ferrocene (RAC 4). Functionalization involved heating xPVBC with 
the pendant monomer precursor in a mixture of dimethylformamide and tetrahydrofuran followed 
by purification via centrifugation (Scheme 2.1). Three sizes of viologen RACs were produced and 
studied: RACs 1-3 of particle diameters 80 ± 11, 135 ± 12, and 827 ± 71 nm, respectively (Figure 
1) as confirmed by scanning electron microscopy (SEM) in the dry state from the average of 50 
particles. Ferrocene RACs (RAC 4) were of 88 ± 11 nm by SEM (Figure 2.1d). Crosslinked 
xPVBC of varying diameters were synthesized by redox-initiated emulsion polymerization22 or 
dispersion polymerization23 depending on the desired colloid diameter (see Appendix A). RACs 
were characterized by elemental analysis, ATR-IR, and UV-Vis spectroscopy (Appendix A). 
Particle size was determined in both the dry and swollen state. Dynamic Light Scattering (DLS) 
was used to characterize the swollen size of RACs. Crossover studies were done using a PermGear 
Side-Bi-Side cell and UV-Vis absorbance (Appendix A). All dispersion characterization 
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measurements were done in acetonitrile and concentrations are defined as moles of redox active 





Scheme 2.1 Reaction scheme for the synthesis of polyvinyl benzylchloride and viologen based redox 
active colloidal particles. 
 
Figure 2.1 SEM images of the fully-substituted RACs. (a – c) viologen RACs 1–3: particle diameters 
of 80 ± 11, 135 ± 12, and 827 ± 71 nm, respectively. (d) RAC 4: 88 ± 11 nm. 
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Electrochemical Methods − All electrochemical measurements were performed on a 
CHI920D or CHI760 potentiostat and in an O2 and moisture free environment inside of an Ar-
filled drybox. All chemicals, except for synthesized RACs, were purchased from Sigma-Aldrich 
with the highest available purity and used as received. Unless specified, all transient voltammetric 
experiments were carried out in a standard three-electrode configuration with either a 12.5 μm 
radius Pt ultramicroelectrode (UME) or 1 mm radius Pt disk electrode as the working electrode, a 
non-aqueous Ag/Ag+ reference electrode (CHI112, 0.1 M AgNO3 in acetonitrile solution), and a 
Pt wire as counter electrode. Bulk electrolysis experiments were carried out in a three-chamber 
electrochemical cell with 1.0 −1.6 μm glass frits. The transient voltammetry of viologen colloids 
was tested with a 10 mM effective repeating unit concentration for all RACs in 0.1 M LiBF4 in 
acetonitrile as supporting electrolyte. 
RAC monolayers for transient voltammetry were prepared by water-air interface methods 
onto Au substrates fabricated by e-beam evaporation on Si/SiO2 substrates (see Appendix A). 
Prepared monolayer substrates were then used as working electrodes for transient voltammetry. 
Circular area (3 mm radius) of the substrate was exposed to supporting electrolyte (0.1 M LiBF4) 
on a homemade substrate holder.  
Scanning Electrochemical Microscopy (SECM) measurements were done using 300 nm 
radius Pt electrode as the working electrode, a Pt wire as counter electrode and a non-aqueous 
Ag/Ag+ reference electrode. The RACs for SECM experiments were deposited onto a glass 
substrate (see Appendix A). 
Charge storage properties of RAC dispersions were studied by potential-controlled bulk 
electrolysis (BE). A Pt mesh or carbon felt working electrode were held at a constant overpotential 
while stirring. Current and charge response over time was recorded. For reduction, the potential 
was held -150 mV from E1/2 and +200-300 mV from E1/2 for oxidation. UME voltammograms 
using 12.5 μm radius Pt UMEs were obtained before and after BE to track steady state limiting 
currents, confirming complete transformation. A three-compartment cell was used, with the 
working electrode in the center compartment, and the two lateral compartments occupied by a 
graphite rod as a counter electrode, and a non-aqueous Ag/Ag+ reference electrode. The chemical 
stability of the charged state for RACs 1-3 was studied by reducing the RACs to the charged state 
(V+) via BE and monitoring their absorption spectra over a one week period.  
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NRFB Cycling − A flow cell made with stainless steel flow fields was used for the NRFB 
prototype. Porous carbon electrodes (SGL GFA6) were inserted into flow fields as electrode 
material (4.63 cm2 active area). Flow fields were separated by Teflon gaskets holding nanoporous 
separator Celgard 2325. Dispersion was flowed at 5 mL/min on a MasterFlex L/S Digital Drive 
(HV-07522-30). Dispersions were prepared at 10 mM RAC in 0.1 M LiBF4 in acetonitrile. 
Galvanostatic cycling was performed on an Arbin BT-2000. 
Rheological Methods − Rheology was performed at 22 ̊ C on a TA Instrument AR-2000EX 
rheometer using smooth surface finish stainless steel parallel plates (40 mm diameter) with a 500 




2.4 Characterization of RACs 1–3 
To illustrate the modularity and simplicity of RAC synthesis, viologen-containing particles 
were prepared via a modified, post-polymerization protocol22-23 from ethylviologen and 
crosslinked poly(vinylbenzyl chloride) (xPVBC) latex particles. Percent functionalization for each 
particle population was nearly 100% as determined by elemental analysis, UV-Vis absorption, and 
ATR-IR (Appendix A). The latter evidenced the complete loss of the 1280 cm-1 peak 
corresponding to the benzyl chloride, accompanied by the limiting growth of the 1650 cm-1 peak 
of the viologen quaternary amine.12, 24 UV-Vis absorbance peaks were compared to that of the 
monomer precursors. 
RACs 1-2 display similar absorbance to ethyl viologen at the same repeat unit 
concentrations, indicating quantitative percent substitution, whereas RAC 3 exhibited a broadened 
peak and lower absorbance due to scattering. Notably, the diameter of these particles in 
acetonitrile, measured by DLS analysis, was 1.7−2.2 times larger than the dry state (Tables 
2.1−2.2), indicating significant swelling. Viologen RACs yielded loadings up to 40 wt% when 
dispersed in acetonitrile with LiBF4 (corresponding molarity: 0.56 M or 15 Ah/L in 0.1 M LiBF4). 
The discrete format and high dispersibility of RACs allowed us to probe their redox properties in 





Table 2.1 Particle size using dynamic light scattering 
 RACs Diameter from DLS (nm) 






RAC 1 - 80nm 172 ± 27 196 ± 08 196 ± 67 
RAC 2 - 135nm 233 ± 28 262 ± 15 256 ± 61 
RAC 3 - 827nm 1372 ± 604 1367 ± 205 1366 ± 606 
a. After cycling experiments shown on Fig. 2.11 
 












RDLS/RSEM 2.2 1.7 1.7 2.4 




















2.5 RAC Monolayer Reactivity 
Well-ordered monolayers of RACs on Au (Figure 2.2) allowed us to probe intra-particle 
charge transfer within their films using cyclic voltammetry (CV, Figure 2.3-2.4). Monolayer films 
allowed us to quickly probe the interactions of RACs with various organic solvents and water. 
CVs indicated marked differences in the charge accessibility as a function of solvent, as evidenced 
by the different peak heights in Figure 2.4, despite similar initial RAC coverage and electrolyte 
concentration. We observed a correlation between peak height and the inverse of solvent viscosity 
(Figure 2.4). Viscosity strongly affects diffusion of the supporting electrolyte, suggesting that 
faster electrolyte transport into the RACs affects their electrochemical performance, although other 
effects brought by the wettability towards different solvents might still contribute to the observed 
differences. Acetonitrile allowed the fastest access to charge into the film, thus comparisons of 





Figure 2.2 SEM images of viologen RAC monolayers. (a) viologen RACs 1–3 monolayers prior to 
testing. Scale bars: 1 μm. (b) SEM cross-section of RAC 2 monolayer on Au/Si. Scale bar: 200 nm. (c) 






Figure 2.3 Electrochemical properties of RAC 1-3 monolayers in acetonitrile. (a) CVs at 20 mV/s for 
each size RAC in 0.1 M LiBF4. (b) Slow scan rate CVs that were used for charge calculations. (c-f) 
Example monolayer behavior for RAC 2. (c) CV of RAC 2 monolayer through both viologen redox 
processes. (d) CV of RAC 2 monolayer through first redox process only. Redox is fully reversible. (e–
f) Peak current – scan rate relationship of RAC 2 first redox as a monolayer. Shows both surface-




The concentration of viologen in RAC monolayers, assuming that their thickness was equal 
to the particle diameter, was estimated by integrating the charge under the curve of a slow (5 mV/s) 
voltammogram (Figure 2.3b). This estimation yielded 1.0 and 1.1 M for RACs 1 and 2 
respectively. This value is reasonable given that SEM and cross-sectional SEM analysis (Figure 
2.2) indicated a similar packing density for all monolayers, and only small distortions in particle 
shape upon contact with the electrode. Furthermore, and despite the uncertainties due to swelling 
in electrolyte, these concentrations are close to the theoretically estimated 2M based on the density 
of viologens (1.25 g/cm3)25 and volume of the RAC particle.  
The shape of the CV and square-root scan rate dependence of RAC 1-3 films suggests a 
strong component of charge diffusion within the particles (Figure 2.3). Although RACs are 
immobilized on the surface, long-distance charge transfer from the electrode to the bulk particle 
film presents itself as a diffusive component. This phenomenon has been explained in terms of 
pendant-to-pendant charge hopping via the Dahms-Ruff relationship26-27: 
D = Dphys + DCT = Dphys + (1/6)kexδ2C*           (1) 
where D is the total diffusion coefficient for charge transfer, Dphys is related to the physical 
transport of redox species to the electrode, kex is the self-exchange rate constant for electron 
transfer between neighboring redox centers, δ is the distance between these, and C* is their bulk 
 
 
Figure 2.4 Electrochemical properties of RAC 1-3 monolayers in varied solvents. (a) Solvent dependent 
CVs for RAC 2 at 20 mV/s in 0.1 M LiBF4 (organic solvents) and 0.1 M KCl (water). Solvents tested 
were acetonitrile (ACN), N,N-dimethylformamide (DMF), propylene carbonate (PC), tetraglyme (TG). 
(c) Peak current correlation to inverse of solvent viscosity from (a).  
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concentration in the film. Because the particles are immobilized as a monolayer, Dphys is assumed 
to be negligible, while diffusive charge transport, DCT, dominates the transient response. 
Although Figure 2.3a evidenced a component of charge diffusion, the response was still 
within a regime where the current scaled with particle diameter. This suggested possible 
differences among the RAC sizes given that all other conditions (i.e. supporting electrolyte, 
solvent, and electrode area) were equal throughout. To explore these differences in diffusional 
transport, the RAC monolayer CVs were compared to simulations of a surface-confined film 
across the RAC sizes. Plausible concentrations of redox-active units were used to compare the 
experimental CVs and calculate a range of values for charge transfer diffusion coefficients. 
Theoretical estimations of RAC concentration were done based on the density of small 
molecule viologens (1.25 g/cm3) and RAC spherical dimensions. These estimate approximately a 
2 M concentration of viologen per RAC. For a close-packed film, the concentration of viologens 
would be slightly below due to packing of spheres. Thus, 2 M was chosen as an upper bound and 
0.5 M as a lower bound. Simulations were performed on DigiElch 7FD software. Simulation 
parameters were set for a charge transfer step Ox + e-  Red with E1/2 of -0.68 V (RAC 1), -0.69 
(RAC 2), -0.67 V (RAC 3), α = 0.5, and ko = 0.001 cm/s based on measured rate constants for 
viologen polymers.26 Electrode geometry was set as planar 0.283 cm2, equivalent to exposed 
monolayer area in experimental CV and thickness of layer was varied according to RAC diameters. 
Concentration profile was bound to film thickness and 1000 ohm of resistance were applied. For 
each RAC size, the only constant varied was DCT at C* (initial concentration) of 2.0, 1.5, 1.0, 0.5 
M. 
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Figure 2.5 (a–c) Graphical representation of Table 2.3 at dry RAC diameters. All plots show 
experimental CV at 20 mV/s for each RAC compared to theoretical fits at four concentrations with 
corresponding DCT values shown in Table 2.3. (a) RAC 1 (b) RAC 2 (c) RAC 3. (d) Example of 
thickness variation’s effect on simulated curves. Parameters: 20 mV/s, C*: 1.0 M, DCT: 8 × 10-11 cm2/s, 
thicknesses: 827 nm (dry) or 1366 nm (swollen). DCT values remained valid at both dry and swollen 
diameter film thicknesses indicating that the thickness has only minor influences on the response at 




Simulated CV curves indicate that DCT values for all RACs lie within 10-11 – 10-12 cm2/s 
when concentration (C*) is ≤ 2 M (Figure 2.5, Table 2.3). From the SEM cross analysis, thickness 
was assumed to be that of the dry RAC diameter due to the confined packing on the electrode 
surface. For RACs 1-2, changes in DCT below 0.5 M do not give rise to a close fit regardless of the 
chosen value of DCT.  Figure 2.6a–c shows plausible fits when assuming the film concentration of 
1.0 M, close to the experimentally-obtained value. Thus, when considering monolayer RAC 
concentrations to range between 2.0 – 0.5 M, DCT values are at a similar scale to reported viologen 
polymeric systems at 10-11 cm2/s.27 Interestingly DCT also seemed to increase with RAC diameter, 
supporting that the observed trend in Figure 2.3a–b is due to charge transfer differences between 
 
Figure 2.6 RAC Monolayer comparison to varying DCT values. (a–c) All plots show experimental CV 
at 20 mV/s for each RAC compared to theoretical fits at 1 M with corresponding DCT values shown in 
Table 2.3. (a) RAC 1 (b) RAC 2 (c) RAC 3 (d) Comparison of experimental (solid line) CVs for RAC 
3 compared to simulation (dash) using DCT = 8.0× 10-11 cm2/s at varying scan rates. In all CVs, an 
uncompensated resistance ~1 kΩ was observed and used in simulations. 
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the films. According to these results, larger RAC 3 with a DCT value of 8.0 × 10-11 cm2/s (for 1 M) 
exhibits improved charge transfer properties, possibly arising from higher surface area exposed to 
electrolyte. Figure 2.6d shows that the calculated DCT for RAC 3 is in reasonable agreement with 
CV at various scan rates.  Possible discrepancies with the model may arise from the assumption of 
linear diffusion within the monolayer films, although the analysis in Figures 2.5–2.6 serves as a 




2.6 SECM RAC Electrochemical Measurements 
To further explore the charge transfer properties of RACs at the nanoscale while 
minimizing IR drop effects, we performed scanning electrochemical microscopy (SECM) 
experiments. A glass substrate was prepared with a low loading of RAC 3. This substrate was then 
immersed into 0.1 M LiBF4 in acetonitrile. A 300 nm radius SECM probe electrode was 
approached towards the glass substrate in an area that contained RAC 3 (Figure A.4). Cyclic 
voltammetry exhibited two redox processes identified with the V2+/V+ and V+/V redox couples, 
where V is a viologen unit (Figure A.4). Chronoamperometry under potential control allowed us 
to perform a reversible particle electrolysis for the V2+/V+ redox pair using the small contact area 
for the SECM tip. The cathodic steps show differences in charge observed with respect to the 
anodic step, which are likely due to small traces of O2 in the cell. However, the fully reproducible 
anodic steps indicate that RACs can withstand current densities of 0.2 A/cm2 (based on electrode 
area) when potentiostatically discharged (Figure A.4). The limiting charge observed in this 
experiment corresponded to 3.5 nC. When compared to theoretical values of 2 M per individual 
RAC, it is possible that the SECM electrode was addressing more than one RAC. Nonetheless, the 
electrolysis allowed for the observation of high current density capabilities at the nanoscale, as 








2.7 Electrochemical Reactivity of Dispersed RACs 1–3  
To further probe the efficiency and rate of charge/discharge processes, we prepared 
dispersions of varying particle size (RACs 1-3) in acetonitrile. Their electrochemical properties 
were first studied with CV under static conditions at an equivalent viologen concentration of 10 
mM. Studies using a macro disk electrode revealed quasi-Nernstian response with signatures that 
suggest chemical and electrochemical reversibility (Figure 2.7a). The first redox process showed 
peak current ratios near unity centered at E0= -0.7 V vs. Ag/Ag+ (0.1 M AgNO3), consistent with 
the voltammetry of the monomer unit.12 Scan rate dependence analysis of the CV peak height did 
not conclusively show a strong correlation vs. υ or υ1/2, suggesting that the CVs are neither 
described by pure diffusion-limited mass transfer nor that expected for a surface-confined 
electroactive film (Figure 2.7a, Figure 2.8). It is likely that both processes occur simultaneously, 
as observed for soluble redox active polymers (RAPs).12, 26, 28 In both RACs and RAPs, a 
persistently adsorbed layer of redox material likely mediates electron transfer to the solution 
species through interparticle interactions. Likewise it is expected that dispersed individual RACs 
exchange charge within the diffusion layer. While a full description of this complex interplay is 






Figure 2.7 Dispersion-phase electrochemical properties of RACs 1-3. (a) Cyclic voltammograms of 
RACs 1-3 on 0.03 cm2 Pt disk electrode (ν = 75 mV/s, 10 mM). (b) Microelectrode voltammetry of 
RAC 2 at neutral and charged state as compared to simulation with D = 4.8 × 10-7 cm2/s, Eo = -0. 73 V, 
k0 = 0.015 cm/s, α = 0.5. Microelectrode radius was 12.5 mm and concentration of redox species was 
15 mM. (c) Charge/Discharge performance of RAC 2 bulk electrolysis on SGL GFA6 carbon electrode. 
Theoretical capacity is 134 mAh/L (5 mM). Inset: Visual changes are observed from neutral (top, SOC: 






Figure 2.8 (a–b) Peak current – scan rate relationship of RAC 2 first redox in dispersion. Shows both 
diffusion-limiting and surface-confined contributions (c) Cyclic voltammograms of RAC 2 used for (a) 
and (b) data points. 10 mM RAC 2 (d–f) Steady state voltammetry of neutral and reduced 15 mM RACs 




Figure 2.9 Electrochemical adsorption properties of RACs 1-3 (a) CV of adsorbed RAC 2 at several 
scan rates. (b) Comparison of RAC 2 voltammetry in dispersion and resulting film in blank supporting 
electrolyte on 0.03 cm2 Pt disk electrode (ν = 100 mV/s). (c) CV of RAC 2 through the first reduction 
(d) Peak current – scan rate relationship of RAC 2. First reduction peak currents extracted from (c) and 
fitted. (e–f) CVs of RACs through the first reduction for RAC 1 (e) and RAC 3 (f). 
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The film contribution to the voltammetric signal was studied by performing CV on an 
electrode previously run in RAC dispersion. Once voltammetry was done in dispersion, the 
working electrode was thoroughly rinsed, dried and placed in a blank electrolyte solution (Figure 
2.9). The viologen RAC emerged film was electroactive and did not appear to impede the charge 
transfer to RACs within the potential of the first redox process when tested in blank electrolyte, 
confirming the formation of an adsorbed layer and its mediation of electron transfer. We did find, 
however, that excursions to potentials where the second electron process occurs, results in 
electrode fouling.12 We therefore focused solely on the first electron transfer. Importantly, we 
found that each of the viologen RAC dispersions were redox- active and, at equivalent pendant 
concentration, they displayed voltammetric signatures within the same order of magnitude in 
current intensities independent of their particle size (Figure 2.7a). The only difference we did 
observe between particle sizes is that RAC 3 consistently exhibited lower current levels than 
RACs 1-2. We ascribe this suppression in current levels to the stabilizer used for RAC 3 (Figure 
2.10, Table 2.4). This stabilizer may affect the arrangement of RACs on the electrode surface, in 





Figure 2.10 Effect of stabilizer on electrochemical properties. Cyclic voltammograms of RAC 1 with 
different stabilizing agents. All scans were measured using 10 mM RAC 1, 0.1 M LiBF4 in acetonitrile 
(ν = 75 mV/s).  
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Table 2.4 Calculated diffusion coefficients for RAC 1 with varying stabilizer 
Stabilizer 
Steady State 
Current (x 10-9 A)a 
D (cm2/s) 
Triton X 1.2 1.7 x 10-7 
None 0.3 4.1 x 10-8 
PEG 1.0 1.4 x 10-7 
PVP 0.3 4.1 x 10-8 
a. From chronoamperometric step taken at – 0.85 V vs. 
Ag/Ag+ (0.1M AgNO3) on a 12.5 μm Pt UME 
 
Microelectrode cyclic voltammetry (ME CV) displayed a steady-state profile resulting 
from reaction and physical transport of RACs to the electrode surface (Figure 2.7b). The 
microelectrode response showed signatures from both adsorption (as a pre-peak) and expected 
radial diffusion.29 The wave shape from the ME CV measurements was compared to theoretical 
fits of Nernstian reactions to shed light on kinetic complications that could be expected on solution 
species showing similar wave slopes. The model fit is only taken as an approximation since it does 
not account for adsorption, mediation of the adsorbed film to solution species, or inter-particle 
charge exchange in the solution phase. However, comparison to a continuum model of CV 
provides a suitable baseline for contrasting the behavior of RACs to that of small molecules. Fitting 
of ME CVs to theory showed that electron transfer to the solution species, although not yielding a 
fully Nernstian response, is fast with an estimated comparable standard electrochemical rate 
constant k0 = 0.015 cm/s. We assumed chemical reversibility, as observed in macrodisk CV and a 
transfer coefficient α of 0.5.  Broadening of the ME CV wave and the incipient second viologen 
reduction wave causes the observation of only a narrow steady state plateau. The fitting of this 
wave helped in obtaining transport parameters.  
The apparent diffusion coefficient, D, obtained from steady-state ME CV was calculated 
using the steady state current, expressed as iss = 4nFaDC*, where n is assumed to be 1, F is 
Faraday’s constant, a is the radius of the electrode equal to 12.5 μm, and C* is the bulk equivalent 
concentration of pendants in the RAC. Apparent values of D were found to be 1.7 × 10-7 cm2/s, 
4.8 × 10-7 cm2/s, and 1.8 × 10-7 cm2/s for RACs 1-3 respectively. We notice, however, that small 
differences in D between RACs 1-3 do not scale as expected from the Einstein-Stokes relationship, 
implying that D possibly reflects other contributions in charge transport,30 including that from DCT.  
30 
 
This observation is not unreasonable considering their size; for example, in the case of 
RAC 3 its swollen diameter is 5% of the microelectrode diameter. For comparison, dynamic light 
scattering (DLS) experiments showed D values of 7.38 × 10-8 cm2/s, 5.46 × 10-8 cm2/s, 0.927 × 10-
8 cm2/s for RACs 1-3 respectively, where consistently the electrochemical estimate was higher 
than that of DLS. An interesting manifestation of the impact of RAC interactions with electrodes 
was that CV experiments in dispersion showed lower currents than those observed on emerged 
RAC films on such electrodes (Figure 2.9). To explore this voltammetric response, increasing 
amounts of RAC 2 were loaded onto a Pt disk electrode by dropcasting and a chronoamperometric 
step was applied to measure the film’s charge. As the RAC loading increased, the charge followed 
up to a saturation point, wherein afterwards the measured current and charge decreased (Figure 
A.5).  This behavior is possibly due to insufficient diffusion of supporting electrolyte to the 
electrode surface. These results suggest that when in dispersion, RACs form a compact multi-layer 




2.8 Bulk Charge Storage Properties of RACs 
Despite their large size, dispersed RACs collect and store charge efficiently from a 
stationary electrode in bulk dispersions. To explore the charge storage capacity and stability of 
viologen-RACs, inert-atmosphere, potential-controlled bulk electrolysis (BE) and ME CV were 
performed on all the particle sizes to a state of charge (SOC) of unity. Mirroring the experiments 
with a single RAC particle, BE unambiguously demonstrated that charge injection during 
electrolysis occurred efficiently on the solution species. Figure 2.7b-c shows the BE and steady 
state voltammetry of RAC 2. These particles showed the most reversible cycling and displayed 
access to 91 ± 3% of the theoretically-accessible groups over fifty full cycles with a Coulombic 
efficiency of 99 ± 1% (Figure 2.7c and 2.11). Only slight decreases in capacity access were 
observed over time (< 10% after 50 cycles), possibly due to side-product contamination from the 
counter electrode compartment or RAC adsorption on glass frits. ME CV in all cases confirmed 






To further support dispersion-phase studies, the structural and chemical stability of RACs 
in the charged state (V+, SOC: 1) and after multiple charge/discharge cycles (V2+, SOC: 0) were 
studied using UV-vis, dynamic light scattering (DLS), and ex-situ SEM. Full reduction of RACs 
1-3 was achieved by BE at an overpotential of -150 mV. UV-vis absorbance spectra shows distinct 
peaks for the reduced state of viologen RACs at the 370 and 540 nm regions as opposed to the 
neutral state, which absorbs ca. 260 nm. This reduced state in RACs 1-3 was stable for at least 7 
days with only a minor decrease of less than 9 % in absorbance over this time (Figure 2.12). The 
structural stability of the RACs was determined by characterizing the size of the particles after a 
 
Figure 2.11 Charge storage in RACs 1-3. (a) Selected charge/discharge curves for RAC 2 (135nm) 
bulk electrolysis on C felt electrode at 5mM RAC in 5 mL of 0.1 M LiBF4. (b–d) Charge/discharge 
curves for bulk electrolysis of RACs 1-3 on Pt mesh electrodes at 15 mM RAC in 5 mL 0.1 M LiBF4 
in acetonitrile. (b) RAC 1, which obtained 68 % average cycle efficiency. (c) RAC 2, which obtained 
90 % average cycle efficiency. (d) RAC 3, which obtained 78 % average cycle efficiency. Positive 
charge denotes reduction (charging) and negative charge is for oxidation (discharging). 
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charging step. DLS analysis shows that the size of the charged RACs increased by approximately 
20 nm as compared to their original state, although the increment was within the standard deviation 
of the measurements (Table 2.1). SEM and DLS analysis of RACs after multiple charge/discharge 











Figure 2.12 Time dependent stability of RAC reduced state. (a) Absorbance spectra of RACs at 50 μM 
RAC in 0.5 mM LiBF4 in acetonitrile shows stability in state of charge over time. (b) UV-vis absorbance 
at 370 nm normalized to the initial value over time of the reduced RACs to quantify chemical stability 
of their reduced state.  
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2.9 Size Exclusion of RACs in Porous Separators 
Given the excellent prospects for the use of RACs as storage media, we explored them as 
“zero” crossover nano-materials for size-exclusion flow batteries. The use of RACs in combination 
with a nanoporous separator dramatically decreased crossover. All three RACs 1-3 at an 
equivalent viologen concentration of 10 mM showed negligible crossover within the limit of 
detection across both Celgard 2325 (pore diameter 28 nm) and Celgard 2400 (pore diameter 43 
nm, Table A.5).  In great contrast, LiBF4, the supporting electrolyte used in our experiments, freely 
crossed the separator. Compared to our previous study12 on redox active polymers, this a great 
improvement in material rejection across Celgard 2325. In that case, the largest polymer was 
rejected 86 % while RACs are rejected by >99 %. Additionally, size-dependent rheological studies 
of RAC dispersions in electrolyte media (Figure A.7) revealed that larger RAC sizes show exciting 
prospects for maximizing the energy density31 of the electrolyte while keeping the viscosity low 
enough for reliable flow operation32-34 even at high concentrations up to 40 wt%. As expected, 
dispersions composed of smaller sized RACs exhibited higher viscosity than ones of larger sized 
RACs at identical concentrations (Figure 2.13, A.7). Thus, larger RACs display better prospects 





Figure 2.13 Rheological properties of RACs. Apparent viscosity measured at 100 s-1 of viologen 
dispersions of varying particle size and weight fraction in acetonitrile with 1 M LiBF4.  
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2.10 Characterization and Electrochemical Reactivity of RAC 4 
To demonstrate the facility of RAC modular synthesis, we functionalized xPVBC particles 
with a ferrocene monomer to generate catholyte RACs (RAC 4, Table A.3). SEM showed RAC 4 
to be 88 ± 11 nm in dry diameter (Figure 2.1). Electrochemical characterization of RAC 4 
demonstrated reversible activity (Figure A.14). RAC 4 cyclic voltammetry showed oxidation 
centered at E0= + 0.28 V vs. Ag/Ag+ (0.1 M AgNO3) with peak current ratios near unity. The bulk 
electrolysis results for RAC 4 demonstrated the chemical reversibility of the oxidation for charging 




Figure 2.14 (a) Cyclic voltammograms of RAC 4 on 0.03 cm2 Pt disk electrode at several scan rates 
(10 mM RAC in 0.1 M LiBF4 MeCN). (b) Scan-rate dependence analysis of RAC 4 dispersion. (c) 
Charge/discharge curves for bulk electrolysis of RAC 4 on Pt mesh electrode at 10 mM RAC in 5 mL 
0.1 M LiBF4 in acetonitrile. Negative charge is for oxidation (charging) and positive charge denotes 
reduction (discharging). (d) Summary of performance of RAC 4 bulk electrolysis. Theoretical capacity 
is 40 mAh/g or 234 mAh/L.  
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2.11 Prototype NRFB Explorations 
Since crossover and rheological experiments showed encouraging results, prototype size-
exclusion NRFB experiments were conducted as a proof of concept. A prototype flow cell was 
assembled using RACs of similar diameters, RACs 2 and 4, as the redox active species in the 
anolyte and catholyte compartments, respectively (Figure 2.15). A commercially available porous 
membrane (Celgard 2325) was used as the separator between compartments. Low concentrations 
(10 mM, 0.74 wt %) were used to test the initial concept if an all-RAC flow cell is a viable concept 
for RAC energy storage applications. Taking into account the low concentration, low current 
densities were chosen as to prevent polarization losses. The operating cell revealed high 
reversibility with an average Coulombic efficiency of 94 ± 4 % over 11 cycles at C/20 (43 μA/cm2) 
and volumetric flow of 5 mL/min. Electrochemical performance of the cell was tracked by energy 
and voltage efficiencies, which were highly stable and above 90 % (Figure 2.15). Even though the 
experimental conditions apply current densities in the micro-scale, the resulting metrics of the 
NRFB are comparable to that of some organometallic complexes,35 organic small molecules36 and 
macromolecular designs such as polymers.14 Additionally, RACs offer the advantage of negligible 
crossover. 
 
Flow cell testing for over 3.5 consecutive days highlights the robustness and stability 
displayed by these particles. Capacity retention remained stable at 55 ± 1 mAh/L over the 11 cycles 
(Figure 2.16). Nevertheless, it should be noted that capacity access was low at 21 % of theoretical 
capacity (268 mAh/L at 10 mM). This low accessibility is likely from a combination of low loading 
 
 
Figure 2.15 Performance of RACs as flow cell active material. (a) RAC 2/RAC 4 flow battery cell 
charge/discharge profile over time cycling at C/20 (43 μA/cm2) and linear flow of 5 mL/min (10mM, 
15mL in 0.1 M LiBF4 in acetonitrile). (b)  RAC 2/RAC 4 flow battery cell response in terms of 
efficiency for 11 cycles of galvanostatic cycling. 
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and observed sedimentation from RAC 4 (Figure 2.16). This is the first example of an all RAC 
NRFB, thus optimization will be required to fully make use of the billions of redox active units 






Figure 2.16 Prototype flow battery cycling. (a) Selected charge/discharge profiles from constant current 
cycling at 43 μA/cm2 shows high symmetry of system. (b) Stable capacity is demonstrated from repeated 
charging/discharging at 43 μA/cm2. The reversibility of this low concentration NRFB demonstrates that 
an all-RAC system is a feasible concept that will require optimization. (c) Dispersions of RAC 2 and 4 
prior to flow cell assembly. RAC 4 solution shows some material settling, a possible limiting factor for 
depth of discharge which was found to be at a constant 21 ± 0.5 % for the 11 cycles done. (d) Dispersions 
flowing during experiment show change in state of charge. Rear vial is RAC 2, which becomes dark 
violet when charged. Front vial is RAC 4 which turns green when charged. (e) Prototype Gen. 1 Cell 
used in flow cell testing. Stainless steel blocks with a flow-through channel on the inside serve as current 
collectors. Compartments are separated by PTFE gaskets that compress one sheet of Celgard 2325 
porous separator. SGL GFA6 carbon felt was used inside both compartments as active electrode material 
(active area of electrode: 4.63 cm2). Each reservoir was filled with 15 mL of 10 mM RAC in 0.1 M 





In summary, we have synthesized and characterized the electrochemical performance of 
redox active colloids.  These stable, well-dispersed energy storage systems are composed of sub-
micron particles that exhibit near-zero crossover.  As demonstrated, RACs can be implemented in 
size-selective energy applications in the form of individual particles, monolayer films, and bulk 
dispersions.  Their combination of surface-confined and diffusion-limited behavior gives rise to 
efficient charge transport in solution in each of these motifs. Their performance in a simple flow 
battery cell was also investigated.  The observed Coulombic, energy and voltage efficiencies 
revealed that RACs can cycle reversibly in this configuration. Due to the modular nature of RAC 
synthesis, this paradigm can be expanded to explore diverse families of anolyte and catholyte 
pendant moieties. Because they are new materials, significant rheological, electrode and design 
improvements are emerging from our laboratories to maximize their potential. Given their broad 
versatility, RACs offer considerable promise for emerging applications in energy storage whether 
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Validating Size-Exclusion Non-Aqueous Flow 





Non-aqueous redox flow batteries (NRFBs) are emerging technologies that promise higher 
energy densities than aqueous counterparts. Unfortunately, cell resistance and redox component 
crossover observed when using ion-exchange membranes (IEMs) hinders NRFB development. 
The size exclusion approach for polymer-based NRFBs addresses these issues by using 
macromolecular design to mitigate crossover. Here, we highlight the benefits of this approach 
using inexpensive nano-porous separators (PS) (Celgard and Daramic). We evaluated these along 
with an IEM (Fumasep) in a flow cell configuration using a classical redox couple of viologen and 
ferrocene, both in monomer and polymer forms. High Coulombic efficiencies above 98% and 
access up to 80% of capacity were observed for the polymer cells. These displayed better 
performance with PS than with the IEM, which exhibited lower energy efficiencies from higher 
overpotentials. The monomer equivalent cells with PS resulted in lower efficiencies and rapid 
                                                 
†This chapter appeared in its entirety as a research article in the Journal of the Electrochemical Society:  
Montoto, E. C.; Nagarjuna, G.; Moore, J. S.; Rodríguez-López, J., Redox Active Polymers for 
Non-Aqueous Redox Flow Batteries: Validation of the Size-Exclusion Approach. J. 
Electrochem. Soc. 2017, 164 (7), A1688-A1694.  
The article has been adapted with permission from the publisher and is available with accompanying 
Supplementary Information from http://jes.ecsdl.org/ and using DOI: 10.1149/2.1511707jes. E.C.M. 
synthesized polymeric materials, performed all electrochemical experiments in this work, and authored 
all text. N.G. synthesized and characterized polymeric and small molecule materials used in this work.  
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decrease in depth of discharge. Post-cycling analysis by ultramicroelectrode voltammetry showed 
that the small molecules freely crossed PS and to a lesser degree through the IEM. Therefore, here 
we demonstrate that the combination of redox active polymers and simple PS enables a potential 





Renewable energy sources, such as wind and solar, are emerging inputs in the electrical 
grid.1 However, these sources are inherently intermittent, thus strategies designed to decouple 
energy production from its use are highly desirable. Redox flow batteries (RFBs) promise to 
address these challenges by offering convenient charge storage in fluid form with straightforward 
scalability and deployment, and long-term durability.2-4 In particular, non-aqueous redox flow 
batteries (NRFBs) promise higher energy densities than aqueous RFBs owing to a wider 
electrochemical window.5-6 NRFBs provide a wide range of molecular and electrolyte designs with 
attractive redox potentials, solubilities and chemical tunability.6-11 Yet, their wide-scale adoption 
has been hampered by the lack of chemically-suitable ion-exchange membranes (IEMs) that 
decrease areal resistance while simultaneously preventing material crossover between 
compartments.6, 8, 12-13 
Most commercially developed RFBs use IEMs,14 such as perfluorinated Nafion,12 due to 
its robustness, stability and suitable performance in aqueous environments. IEMs are typically the 
membrane of choice since these are non-porous sheets of crosslinked polyelectrolytes capable of 
exchanging ions at its interface with low levels of solution mixing.12 Crossover in those cases is 
typically ascribed to varying levels of ion selectivity12, 14 in the membranes.  However, recent 
reports suggest low conductivity of these membranes in typical non-aqueous battery solvents (e.g. 
propylene carbonate, acetonitrile, etc.).13, 15 A possible solution is to explore membrane chemistries 
that provide highly-conductive IEMs tailored to the redox chemistry of the system, whether it be 
cation or anion exchange membranes.13, 16 Nonetheless, even with a highly conductive IEM, 
challenges associated with material crossover and broad chemical compatibility remain. Here, we 
validate an alternate approach for enabling the widespread implementation of NRFBs in the form 
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of size-exclusion cells that utilize commercial-off-the-shelf membranes in combination with 
soluble redox active polymers (RAPs). 
Porous separators typically used for lithium ion batteries17 are an intriguing alternative to 
IEMs because of their good wettability in battery solvents, their unimpeded ion transport through 
nano-sized pores and their chemical and mechanical stability.18 Additionally, the lower cost of 
porous separators is an attractive parameter for the feasibility of NRFBs.4, 19 Complementarily, 
solution-phase RAPs exhibit the electrochemical performance required to power an NRFB and 
simultaneously enable the size-exclusion principle when matched with a porous separator.20-21 
Previous studies have demonstrated that polymer backbones decorated with redox active pendants 
retain many of the electrochemical properties of their small molecule monomer and can store 
charge reversibly.20-23 While the suitability of RAPs as storage materials20, 22-23 has been recently 
addressed, the effectiveness of size-exclusion applied to NRFBs in a fully flowing configuration 
and their comparison to small molecule counterparts, has yet to be demonstrated. 
 
Here, we highlight the benefits of the size-exclusion approach for polymer-based NRFBs 
using porous separators as well as an IEM. As a model system, we used styrene-based RAPs with 
ferrocene (PAF) (catholyte) and viologen (PEV) (anolyte) redox pendants (Scheme 3.1) to 
investigate the feasibility of polymers for size-exclusion applications in general. These polymers 
were chosen for their simple one-step synthetic design and well-characterized electrochemical 
reversibility and fast charge transfer kinetics.20, 24 We chose high molecular weight polymers of 
271 kDa (PAF) and 318kDa (PEV) along with their monomer equivalents for comparison (Scheme 
3.2). These RAPs displayed mean hydrodynamic radii of 19 nm and 9.5 nm in 0.1 M LiBF4 
electrolyte respectively (Figure 3.1). 
 
Scheme 3.1 Associated redox reactions of active moieties used for this study. (a) One electron reduction 























Scheme 3.2 Chemical structures of (a) monomers and (b) polymers used in this study and associated 


























3.3 Experimental Methods 
Materials − The polymers and monomers used: PEV, PAF, benzyl ethyl viologen (BEV) 
were synthesized using reported protocols.20, 25 Benzyl(ferrocenylmethyl)dimethylammonium 
hexafluorophoshate (BAF) was synthesized from (dimethylaminomethyl)ferrocene and benzyl 
chloride (see Appendix A). All chemicals, except for synthesized RAPs and monomers, were 
purchased from Sigma-Aldrich with the highest available purity and used as received. 
Electrochemical methods − All experiments were performed inside of an Ar-filled drybox 
with stringent control of O2 and moisture levels. Measurements were done using a CHI601E or 
Arbin BT-2000. Unless specified, all voltammetric experiments were carried out using a standard 
three-electrode configuration with 12.5 μm radius Pt ultramicroelectrode (UME) as the working 
electrode, a non-aqueous Ag/Ag+ reference electrode (CHI112, 0.1 M AgNO3 in acetonitrile 
solution), and a Pt wire as counter electrode. Experiments were carried out with a 10 mM 
concentration (by effective repeating unit for RAPs) in 0.1 M LiBF4 in acetonitrile as supporting 
electrolyte unless stated otherwise. In UME voltammetry, the steady-state limiting current (iL) is 
 
Figure 3.1 RAP hydrodynamic radius as determined by dynamic light scattering. 
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directly proportional to concentration (C*), diffusion coefficient (D), number of electrons 
transferred (n), and the radius of the UME (a), according to: 
iL = 4nFaDC*       (1) 
where F is Faraday’s constant. This equation allows us to directly relate the concentration of 
species in the solution in crossover studies using the limiting current, iL.   
 
NRFB cycling − The flow cell design used consisted of two stainless steel current collectors 
with a flow-through field where carbon felt (SGL GFA6) electrodes could be inserted. Exposed 
area of electrodes through PTFE gaskets separating collectors was 4.63 cm2. One layer of 
membrane was placed in between gaskets (Scheme 3.3). Neoprene tubing was used on a calibrated 
Masterflex L/S peristaltic pump. The cells were tested under flow conditions at a volumetric flow 
rate of 5 mL/min. 10 mL of solution were prepared for each catholyte and anolyte compartment. 
Methods for symmetrical NRFB cells − 10mM PEV or BEV was precharged by potential-
controlled bulk electrolysis to 60% charge in a stirred W-cell. Electrodes for precharge were: SGL 
GFA6 carbon felt (working), carbon rod (counter) and Ag/Ag+ (0.1M AgNO3, MeCN). Pre-
charging was confirmed by UME CV. Once charged, an equimolar amount of uncharged PEV or 




Scheme 3.3 The flow cell used in this study was the JCESR Gen 1 Cell depicted above. (a) Diagram 
showing side view of cell components. Stainless steel blocks serve as current collectors with a flow-
through channel on the inside where felt electrodes can be inserted. PTFE gaskets separate collectors 
and hold the membrane or separator. The exposed area through the gaskets is 4.63 cm2. All components 
are compressed together using screws. (b) Picture of assembled cell.  
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3.4 Membrane Choice 
The IEM chosen for this study was Fumasep FAPQ-375-PP (Fumatech GmbH), an anion 
exchange membrane due to the redox chemistry of the viologen-ferrocene pair where an anion 
leaves the viologen to maintain electroneutrality at the ferrocene compartment undergoing 
oxidation when charging (Scheme 3.1). The as-received membrane contains chloride and sulfate 
anions and has a dry thickness of 70-80 μm;26 thus, the membranes were immersed in 0.1 M LiBF4 
in acetonitrile for a minimum of three days to ensure full ion exchange and swelling prior to use 
according to previous reports.16 The porous membranes used in these studies, Celgard 2325 and 
Daramic 175, are both hydrocarbon polymer-based membranes with differing porosity. Their 
porosity allows for quick solvent uptake and do not need preconditioning; thus, these were not pre-
soaked before use. Celgard 2325 is a trilayer membrane of 25 μm thickness made with 
polyethylene and polypropylene27 while Daramic is a polyethylene membrane with amorphous 
silica and 175 μm thickness.28 By nitrogen adsorption isotherms (Figure 3.2), Celgard 2325 
showed a narrow distribution of pore radii between 8 and 12 nm, with peak pore radius of 9 nm. 
Daramic showed a wider distribution of pore radii between 5 and 16 nm.  
 
When using the steric partition coefficient29 as a guide for tailoring RAP molecular weight 
to pore size, the chosen combination of RAPs and separators theoretically leads to negligible  
 





crossover. This coefficient (K) relates the probability that a dissolved linear polymer will remain 
in solution (K = 0) or inside of a cavity (K = 1), therefore potentially leading to crossover. When 
considering holes of radius r and a spherical particle of radius a, the steric partition coefficient K 
approaches zero when a/r > 0.6 for a spherical pore and when a/r > 0.8 for a cylindrical pore, 
reflecting sensitivity to pore shape (Figure 3.3). Our groups have previously shown a decrease in 
crossover with increasing polymer size for a series of viologen polymers with a/r values between 
0.2 and 0.5, displaying crossover values as low as 7%.20 For Celgard 2325, with a mean pore radius 
of 9 nm a/r values of 2.1 (PAF) and 1.1 (PEV), are obtained when considering the RAP’s 
hydrodynamic radii (Table 3.1). These values are theoretically well beyond the required a/r; thus, 
strongly suggesting that these two polymer species will be size excluded, although experimental 
uncertainties suggest that a non-zero crossover is expected. These include heterogeneity in pore 
size and geometry, as well as dissolved polymer structure, and the effects of overlapping 
distribution of pore and polymer sizes. However, to a first approximation, the large calculated a/r 
values give us confidence that the selected polymer sizes are adequate for demonstrating the impact 
of size-exclusion in a flow battery employing a porous separator. 
 
 
Figure 3.3 Theoretically predicted values of the steric partition coefficient (K) for linear polymers as a 
function of the ratio of polymer hydrodynamic radius (a) to the radius (r) of spherical (A) or cylindrical 






3.5 Polymer Flow Batteries 
Although viologen-based RAPs exhibit a solubility in excess of 1 M,20 this proof of concept 
study used NRFB cells with 10 mM effective concentration (based on repeat unit for RAPs) in 0.1 
M LiBF4 in acetonitrile. This concentration was suitable due to the limited solubility of PAF, as 
well as to remain within a polymer dilution regime where polymer chains behave as individual 
coils in solution.30 The expected open circuit voltage for the cell was 0.95 V, therefore an upper 
maximum limit of 1.1 V was set for these cells as to prevent irreversible cycling.20 Cycling of the 
PEV/PAF RAP NRFB cells was done at 1C (0.9 mA/cm2) for all the membranes studied. The 
porous separators demonstrated similar performance for the RAP NRFBs, as expected from the 
size-exclusion mechanism (Figure 3.4). While a minimal difference in cycling performance was 
observed when comparing Celgard and Daramic separator cells in the first cycle, by the 15th cycle 
both cells had completely overlapping behavior (Figure 3.4d-e). This slight difference arises likely 
due to conditioning stages of the RAPs and wetting of the separator. Both Celgard and Daramic 
RAP cells showed voltage plateaus close to the theoretical voltage of the couple, averaging 0.94 ± 
0.07 V and leading to voltage efficiencies of 92.0 ± 0.4% and 93.0 ± 0.6%, respectively (Figure 
3.4b). Stable Coulombic and energy efficiencies above 98% and 91%, respectively in both cells 
(Figure 3.4c) were observed during the long-term cycling (50 cycles), all suggesting low resistance 
across the porous membranes. 
Table 3.1 Summary of polymer hydrodynamic radii (a) as compared to separator pore sizes (rpore) from 
nitrogen adsorption isotherms 
  a/rpore 
RAP a Celgard 2325a Daramic 175b 
PEV 9.5 nm 1.1 1.9 – 0.6 
PAF 19 nm 2.1 3.8 – 1.2 






Figure 3.4 Performance of all-RAP NRFB cells with varying membranes. (a) Cycling profile of all-
RAP Celgard 2325 cell over time. (b) Coulombic (CE) and energy (EE) efficiencies of the tested cells 
over all 50 cycles. Closed symbols (■) for CE and open (□) for EE. Inset: expanded efficiency scale for 
all cycles. (c) Voltage efficiencies of the cells. (d-e) Voltage vs. capacity plots of each cell during the 
first cycle (d) and the 15th cycle (e). Dotted line represents theoretical capacity of cell at 268 mAh/L. 
All cells were cycled at 1C (0.58 mA/cm2). 
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The PEV/PAF RAP NRFB cell cycled using Fumasep FAPQ membrane showed similar 
capacity access and Coulombic efficiencies to the porous separator cells, yet the charge/discharge 
profile and voltage and energy efficiencies differed. The widening overpotentials of the 
charge/discharge curves (Figure 3.4d-e) led to lower average voltage and energy efficiencies over 
the 50 cycles. When compared to porous separators, the Fumasep FAPQ cell resulted in 
approximately a 10% decrease in voltage and energy efficiencies at 82.5 and 82.0 ± 1.0%, 
respectively. Therefore, the NRFB cell with Fumasep FAPQ showed indications of higher 
resistance as expected from lower conductivity of IEMs than porous separators in organic 
solvents.16 
 
The similar behavior observed with all three membranes allowed us to conveniently 
troubleshoot the performance of these devices. While the cells showed a steady discharge capacity 
c.a. 200 mAh/L for the first 15 cycles, capacity loss was observed at long-term cycling (Figure 
3.5). To investigate this observation, ultramicroelectrode cyclic voltammetry (UME CV) 
experiments were done at the end of each run to assess the condition of the RAPs after continuous 
cycling. Since RAPs adsorb strongly to electrodes, transient voltammetry complicates the 
decoupling of the adsorbed species from those in solution. Therefore, we chose UME steady state 
 




voltammetry, as we have established it as a suitable technique for assessing RAP solution state of 
charge and concentration.20 
 
UME CVs of the PAF catholyte compartments displayed the evolution of a secondary 
redox process at 0.05 V vs. Ag/Ag+ as well as lower limiting currents than expected, indicating 
loss of active material for PAF (Figure 3.6). We hypothesize that the quaternary linkage may be 
susceptible to cleavage31 while charged. Such process occurring at the quaternary amine would 
detach ferrocene units from the polymer backbone, consequently releasing free ferrocene into 
solution, which has an E1/2 at 0.05 V vs. Ag/Ag+.32 
In contrast, the anolyte compartments did not show any degradation of PEV, indicating the 
stable reversibility and size-exclusion of the anolyte material. To explore this hypothesis, a 
symmetrical33 PEV NRFB cell (Figure 3.7) was assembled with Celgard 2325. In this cell, both 
compartments contained PEV. The catholyte compartment contained PEV charged by bulk 
electrolysis before cell assembly, while the anolyte compartment contained uncharged PEV (see 
Experimental Methods). Symmetrical cycling of PEV at 1C demonstrated a more stable capacity 
access as compared to the mixed PEV/PAF cells (Figure 3.7), as well as very low overpotentials 
with voltage cutoffs at ±100 mV. This improvement in capacity access during cycling indicated 
that the long-term losses observed in the PAF/PEV cell were likely due to PAF instability, thereby 
reinforcing that size-exclusion RAP NRFBs are deployable with appropriate chemistries. 
 
Figure 3.6 UME CVs of (a) PAF and (b) PEV compartments after NRFB testing with porous separators 





Figure 3.7 Performance of symmetrical PEV NRFB cell. (a) Pre-charging of the positive compartment 
was confirmed by UME CV. (b) Voltage vs. capacity plots of cycles 2-20. Dotted line represents 
theoretical capacity of cell at 180.5 mAh/L. (c) Coulombic efficiency of the symmetrical cell. Inset: 




3.6 Small Molecule Flow Cells 
To compare and contrast the effectiveness of the size-exclusion strategy to that of small 
molecule NRFBs, equivalent monomer-based NRFBs were assembled (monomers BEV and BAF 
in Scheme 3.2). In contrast to their polymeric equivalent cells, monomer NRFBs displayed a 
dramatically lower maximum capacity access as well as a sharp decline in depths of discharge 
(Figure 3.8). Monomer cells only reached a maximum 50% discharge capacity access with a 
decrease to less than 9% capacity access by the 50th cycle for the porous separators. The monomer 
cell with Fumasep FAPQ maintained a higher depth of discharge than those with the porous 
separators, but its depth of discharge had decreased to 23% by the 50th cycle (Figure 3.9). The 
overall performance comparison of the RAP and monomer NRFBs studied are summarized in 
Figure 3.10. In general, we observed that monomer NRFBs demonstrated lower Coulombic and 
energy efficiencies than their polymer equivalent cells as well as lower depths of discharge. There 
we also observe that the cells with Fumasep FAPQ (both monomer and polymer) display similar 
metrics (Figure 3.10b), confirming a lower degree of crossover for the membrane since both 
monomer and polymer cells have similar coulombic efficiency. Nevertheless, the Fumasep FAPQ 
cells all displayed lower energy and voltage efficiencies than the polymer cells with porous 
separators, reinforcing the effect of lower conductivity of IEMs in organic solvents16 when 
compared to porous separators. Overall, the results from the Fumasep FAPQ cells demonstrate 
that IEMs could be utilized, but would incur a cost of lower voltage and energy metrics as 
compared to polymer cells that utilize porous separators. 
UME CVs of the catholyte and anolyte compartments post-cycling served to quantify the 
degree of overall crossover for these cells (Figure 3.11). These revealed that the small molecules 
had freely crossed the porous membranes. Especially in the case of Celgard 2325, the 
compartments had similar final concentrations of the monomers. In the case of Fumasep FAPQ, 
the crossover was much lower than in the case of porous separators, yet demonstrates that given a 
longer time-scale the monomers could reach equal mixing and cell shutdown. The capacity loss 
observed over the 50 cycles (Figure 3.9) was likely due to deleterious mixing at the opposite 
electrodes, which was predominant with the porous membranes. These effects of materials 
crossover are a common challenge in small molecule RFBs34 that has yet to be fully resolved. 






Figure 3.8 Performance of monomer NRFB cells as compared to RAP equivalents. (a-b) Discharge 
capacity of cells over 20 cycles for membranes studied in cells of monomers (a) and RAPs (b). Dotted 
line represents theoretical capacity of cell at 268 mAh/L. (c) Voltage vs. capacity at cycles 1 and 15 for 











Figure 3.9 Monomer NRFB depth of discharge over 50 cycles. 
 
 
Figure 3.10 Summary of monomer and RAP NRFBs tested. (a) Maximum depth of discharge achieved 
with each membrane used. (b) Average coulombic, energy and voltage efficiencies observed with each 





Figure 3.11 UME-CVs of compartments from monomer NRFB cells after cycling using (a) Celgard 







3.7 Self-discharge Experiments 
To further highlight the benefits of a size-exclusion flow battery, both polymer and 
monomer NRFB cells were charged at 1C and allowed to flow for one hour while tracking the 
open circuit voltage (Figure 3.12). To compensate for possible instabilities of the ferrocene 
polymer or monomer, symmetrical cells with viologen monomer (BEV) and polymer (PEV) were 
also assembled. These cells were run using Celgard 2325 and demonstrate the deleterious 
crossover problem for small molecules over time. In Figure 3.12, it is observed that in both the 
mixed and symmetrical cells, polymer NRFBs hold a steady potential over the 1 h period observed 
as compared to the monomer cells. These monomer cells demonstrated a marked gradual decline 
in potential. This decline can be associated to a Nernstian response to changes in concentration 
where the ratio of oxidized to reduced species will have a direct impact in the observed potential 
of the system. Therefore, over time the crossing of charged species to opposing compartments 
caused discharge upon mixing. In the case of the mixed monomer cell the drop was 60 mV within 
an hour, indicating a decade difference in the ratio of charged to discharged states of the active 
material. For the symmetrical cell, we observed only a 20 mV drop, reinforcing the greater stability 
of the viologen species over the mixed ferrocene-viologen environment. In contrast, the polymer 
cells showed a decreases lower than 2 mV within the same timeframe, highlighting the operational 




Table 3.2 Loss of viologen limiting current (iL) as observed by UME CV from difference between 
uncycled and post-NRFB iL for PEV and BEV 
NRFB type Celgard 2325 Daramic 175 Fumasep FAPQ 
RAPs 16 % 19 % 19 % 







We evaluated the feasibility and performance of novel size-exclusion non-aqueous flow 
batteries in comparison to the traditional approach using ion-exchange membranes. By utilizing 
simple porous separators that allow the free exchange of charge-balancing ions in a non-aqueous 
environment, we were able to suppress detrimental redox component crossover by using high 
molecular weight polymers20 as redox active material. These cells also cycled successfully using 
 
Figure 3.12 Open circuit potential of charged NRFBs over time. (a) Response of mixed polymer 
(PEV/PAF) and monomer (BEV/BAF) NRFB cells. (b) Response of viologen symmetrical cells in 
polymer and monomer equivalents.  
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an anion exchange membrane demonstrating that the polymer systems work with either type of 
membrane, but with increased resistance when relying on ion exchange. Polymer based flow 
batteries with porous membranes exhibited Coulombic, voltage, and energy efficiencies above 
98%, 92%, and 90%, respectively. Symmetrical cells showing excellent stability for the viologen 
polymer were operated for up to four days. Small molecule equivalent cells were also studied with 
porous separators or the IEM, which demonstrated that crossover in those cases caused significant 
underutilization of the material and terminal capacity losses for the NRFBs. The much higher rates 
of crossover in monomer cells reinforces the favorability of implementing polymers for size 
exclusion RFBs to mitigate these effects in working systems. As highlighted by discharge 
experiments, polymer exclusion flow batteries were able to retain the open voltage of the battery 
steadily while the use of monomers led to changes in cell voltage of up to 60 mV/h which suggests 
significant self-discharge of the battery. Future investigations from our laboratory focus on 
tailoring of the polymer redox pendants to increase the voltage and rate capabilities of the battery 
as well as to design a more stable catholyte polymer that withstands long-term cycling without 
degradation. In sum, the size-exclusion concept together with the use of RAPs encourages a 
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Effect of the Backbone Tether on the Electrochemical 






Few reports to date have focused on the chemical and electrochemical reversibility of redox 
pendants assembled into soluble redox-active polymers (RAPs). Here we report a series of soluble 
RAPs for flow battery applications designed with cyclopropenium (CP) pendants. The tether 
length between CP and a polystyrene backbone was varied and found to influence electrochemical 
activity and stability. Different tether lengths of x methylene groups (x = 1-7) were simulated and 
x = 1, 5, 7 were synthesized to evaluate experimentally. This study illustrates that polymers with 
extended tether groups display an improved reversibility in cyclic voltammetry. The behavior is 
mirrored in the stability of the charged state tested in galvanostatic half-cells. When paired with a 
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viologen polymer, these CP-based polymers produce a 1.55 V non-aqueous flow battery. The 
capacity decays for the polymers were structure-dependent, which provides empirical insight into 





The cyclopropenium (CP) ions, known as effective catalysts for Beckmann rearrangement 
reactions,1-2 ligands for organometallic complexes,3-4 air- and water-stable ionic liquids,5 and ion-
conducting polyelectrolytes6-7 have recently gained attention in electrochemical energy storage for 
their high oxidation potential.8-9 The redox activity of CP derivatives was first studied chemically 
and electrochemically in the 1970s,10-13 but few literature examples utilizing the CP oxidation for 
energy applications have appeared since then. For example, Sanford et al. studied substituted 
amino derivatives of CP that show tailorable redox potential, stability, and promise as high 
potential catholyte materials for redox flow batteries (RFBs).8-9 In recent years, a polymeric 
electrolyte design principle has been introduced and demonstrated by our laboratories14-15 and 
others16 by incorporation of catholytes/anolytes to polymeric backbones and use of size-exclusion 
membranes to prevent the crossover of these species in RFBs. We call these redox-active polymers 
(RAPs).  
A major challenge of RAPs used in RFBs is the availability of soluble high potential 
catholytes. In the literature, these either suffer from relatively low redox potential (e.g., TEMPO)17 
or poor electrochemical stability (e.g., dimethoxybenzene)18-19. Therefore, this study focuses on 
polymeric structures of cyclopropenium units that exhibit a high redox potential (ca. 0.9 V vs. 
Ag/Ag+). Upon tethering onto a series of polystyrene backbones, this family of polymers exhibits 
similar redox potentials and stabilities as those of monomeric CPs. These stable macromolecular 
catholytes allow their coupling with size-exclusion membranes to mitigate catholyte crossover.  
Crossover in RFBs is an ongoing challenge for maintaining separated catholyte and anolyte 
solutions, especially for small molecule active materials that easily cross separating membranes.20-
21 Yet, RFBs are an attractive technology that decouple power and energy capacity22-24 and permit 
durable and scalable grid-scale energy storage.16, 21, 24-26 Moreover, the wide electrochemical 
window of organic solvents (up to 5 V)27 accommodates a variety of high voltage redox couples, 
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which in turn enables high density energy storage for non-aqueous RFBs. In non-aqueous media, 
the size-exclusion approach utilizing porous separators provides additional advantages of lower 
cost21 and higher conductivity28 than using ion exchange membranes. Thus, our study has focused 
on translating this small molecule active unit into a polymeric active material soluble in non-
aqueous media. We systematically investigated a series of polymers where the CP ion was placed 
as a pendant on a polystyrene backbone. A computational approach was used to evaluate the 
electronic influence of the carbon chain connecting the pendant to the backbone and how this 
affects electrochemical reversibility and stability. This approach informed our synthetic choice to 
evaluate three polymers with hydrocarbon chain lengths of 1, 5, and 7 carbons between the styrene 
unit and the CP center. These were then electrochemically characterized for redox reversibility, 
cycling performance, and charged-state stability to evaluate the effect of varied tether lengths from 




Scheme 4.1 Synthetic scheme employed for preparation of CP polymers with varied tether group 
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4.3 Materials and Methods 
Materials − Cyclopropenium tethered styrene monomers (2a-2c) were synthesized, 
employing the corresponding secondary amine (1a-1c) as precursors (Scheme 4.1). The 
polymerization was performed by reversible addition fragmentation chain-transfer (RAFT) 
conditions mediated by dithioester for precise molecular weight control (Mn = 10 kDa).6 The 
resultant polyelectrolytes (pxCP, x = 1, 5, 7) were purified by dialysis, followed by anion exchange 
and precipitation driven isolation. The identity and purity of materials were confirmed by NMR, 
ATRIR, UV-Vis absorption spectroscopy and elemental analysis (see Appendix C). All other 
chemicals were purchased from commercial suppliers with the highest available purity and used 
as received. Acetonitrile (99.8% anhydrous), lithium tetrafluoroborate (LiBF4, anhydrous powder 
99.99% trace metal analysis), and tetrabutylammonium hexafluorophosphate (TBAPF6, 99% 
electrochemical grade) were purchased from Sigma-Aldrich and stored in an Ar-filled glovebox. 
Computational Methods − Computational studies on this family of molecules were 
performed to understand the changes in electronic structure as a function of tether group length. 
Our computational method was applied to a reported set of molecules9 and proved effective in the 
prediction of the ground state energy and formal potential29 of CP derivatives (Appendix C, Figure 
C.19). In general, we followed previously reported methodology29 where we first optimized target 
molecules using the Universal Force Field30 as implemented in the Avogadro software program.31 
Then density functional theory (DFT) calculations were performed using Gaussian09.32-34 The 
B3LYP exchange functional with the 6-31+G(d,p) basis set35 were used for the structural 
optimization of the molecules and to obtain the minimum energy for the specific conformations.36 
The polarizable continuum model (PCM)37-38 was employed using acetonitrile to have a closer 
approach to the experimental parameters. For the TD-DFT39-41 calculations, the structures were 
optimized with 6-311++G(d,p) as basis set and N-states equal to fifty. To visualize the TD-DFT 
results we used Chemissian and to compare these results with the experimental data we normalized 
the data to the highest intensity band.    
Electrochemical Methods – All experiments were performed inside of an Ar-filled 
glovebox (VTI) with stringent control of O2 and moisture levels. Measurements were done using 
a CHI601E or Arbin BT-2000. Unless specified, all voltammetric experiments were carried out 
using a standard three-electrode configuration with a 1.5 mm radius glassy carbon working 
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electrode (CH Instruments, A = 0.07 cm2), a non-aqueous Ag/Ag+ reference electrode (CHI112, 
0.1 M AgNO3 in acetonitrile solution), and a Pt wire as counter electrode.  
Voltammetry experiments were carried out with a 10 mM concentration (based on the 
effective repeating unit for polymers) in 0.1 M TBAPF6 in acetonitrile as supporting electrolyte 
unless stated otherwise. Bulk electrolysis (BE) experiments were carried out with a carbon felt 
working electrode, a non-aqueous Ag/Ag+ reference electrode, and a Pt mesh or carbon felt counter 
electrode. The supporting electrolyte used was 0.1 M TBAPF6 in acetonitrile. The working 
electrode was held at a constant potential or current while stirring. A three-compartment W-cell 
(Adams and Chittenden) that used 5 mL of solution per compartment was used, with the working 
electrode in the center compartment, and the two lateral compartments occupied by the counter 
and reference electrodes. Potential-controlled BE was done by biasing the working electrode at 1.2 
V vs. Ag/Ag+ for oxidation and 0.4 V vs. Ag/Ag+ for reduction. Galvanostatic (current-control) 
BE was performed by holding the current constant at ±1.34 mA for cycling at an equivalent rate 
of 2C for 100 cycles using the same W-cell electrode configuration as described above. The 
chemical stability of the polymer charged state was studied by oxidizing each polymer via 




4.4 Theoretical Prediction of Tether Length Effect 
We used density functional theory (DFT) to compute the relationship between structure 
and electrochemical characteristics in relation to tether spacing between redox active pendants and 
the polymeric backbone. To do this, we first validated the computational method by using a test 
set of similar molecules with known redox potentials. A recent study by Sanford et al. explored 
the effect of substituent groups on the amines surrounding CP redox center derivatives.9 Thus, the 
experimental data for this set of small molecule CP units was compared to the computational 
model. As shown in Figure C.19 (Appendix C), the computational method  agrees well with 
reported CP analogs, making it suitable for our study.29 Thus, we were able to use a model that 
predicts the oxidation of different variations of the same molecule as well as the electronic 
delocalization within these systems.  
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The model was then used to screen through a series of small molecules resembling the 
structure of pendants in CP RAPs with varied linker lengths. The small-molecule analogs of the 
polymer were chosen with a benzene ring placed x carbons away (x = 1, 2, 3, 4, 5, and 7) from the 
amino CP ring. We studied both the cation and the radical di-cation formed upon oxidation. Figure 
4.1 shows the highest occupied molecular orbitals (HOMO) isosurfaces for the cation and the spin 
density surfaces for the radical di-cation for selected linker lengths (x = 1, 5, 7; SOMO isosurfaces 
are in Figure C.21). The spin density surface, which shows the unpaired spin in the radical di-
cation species, is located within the center of the CP ring confirming that the electrochemical 
process occurs on this redox-active moiety. For the cases where the tether length is x = 1–3, the 
spin density was not solely confined to cyclopropenium, but extended onto the tethered benzene 
ring. This is indicative of electronic communication between the two different rings. However, as 
 
Figure 4.1 (a) Tested monomer equivalents representing polymer repeat units. (b) HOMO isosurfaces 
of CP analogues prior to oxidation and their spin density surfaces after oxidation. 
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the tether length increased, the spin density became more localized within the amino-CP ring, 
decreasing electronic communication with the benzene ring. 
Analysis of the molecular orbitals also confirmed this observation. The HOMO isosurfaces 
allowed us to find a limit where electronic communication between the redox active pendant and 
the polymer backbone, represented by the benzene ring, is broken (Figure C.21). As shown in 
Figure 4.1, when the tether group is short (x = 1), the HOMO isosurface showed interactions 
between π-orbitals in the benzene and CP centers. As the tether length of the linker increased (x = 
5, 7) those interactions decreased, resulting in more localized charge transfer at the redox center. 
We hypothesized that such conditions would manifest in greater stability of the system42 (Figure 
4.1 and C.20-C.21). The DFT calculations guided selection of a set of structures for synthesis and 
further characterization. We thus proceeded to investigate how this difference affected the 




4.5 Synthesis of Cyclopropenium RAPs 
Guided by the computational predictions, we synthesized a series of CP polymers with 
structural variance at the tether group of x = 1, 5, 7 (Scheme 4.1). The structure and identity of 
pCPs were validated using 1H NMR, ATR-IR, gel permeation chromatography (GPC) and 
elemental analysis. Each pCP exhibited ATR-IR spectrum analogous to its corresponding 
monomer (2a-c), with characteristic intense absorption of the CP unit at 1507 cm-1 (in-plane 
vibration, 𝑣 𝑒 ).43 The N-substituents were observed as weak bands at 1457 cm-1 for asymmetric 
CH3 bending and 1374 cm-1, 1350 cm-1 for symmetric CH3 bending modes respectively.44 The 
effectiveness of anion exchange was confirmed by the intense (νPF6) stretching mode at 836 cm-1. 
1H NMR and elemental analyses (Appendix C) further support the purity and elemental 
composition of the series of the synthesized pCPs. The 10 kDa pCPs exhibited high solubility up 
to 1.8 M in polar solvent, e.g. acetonitrile (Table C.2). These solubilities are comparable to the 
concentration of active species in current commercial vanadium-based flow batteries,45 which 
when paired with a high redox potential increases energy density significantly, suggesting 




4.6 Electrochemical Reactivity and Characterization 
Evaluation of the electrochemical behavior of the CP polymers was done via cyclic 
voltammetry (CV). Transient voltammetry using glassy carbon electrodes (A = 0.07 cm2) was 
carried out on polymer solutions with an equivalent pendant concentration of 10 mM in acetonitrile 
with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) supporting electrolyte. The 
shape of the voltammograms indicated a quasi-reversible redox process with E1/2 between 0.96 V 
and 0.92 V vs. Ag/Ag+ in all cases and diffusion control at large overpotentials (Figure 4.2-4.3). 
In terms of redox potential, p1CP displayed a higher E1/2 than p5CP and p7CP due to the 
proximity of the backbone’s benzene ring. As we observed with the DFT calculations, in p1CP, 
the CP center is affected by the inductive effects from the electronically connected phenyl group.9 
In contrast, p5CP and p7CP have similar redox potentials most likely due to the distance from the 
aromatic ring imposed by the longer carbon chain to the backbone. Chemical reversibility also 
improved with increasing tether lengths as observed by increasing CV peak ratios (ip,red/ip,ox) (Table 
4.1). Significantly, the voltammograms of these polymers did not exhibit marked filming 
characteristics when in solution like previously reported RAPs.14, 46 CVs of electrodes in blank 
electrolyte (i.e. 0.1 M TBAPF6) obtained after exposure to polymer solution and further rinsing 
revealed that approximately only monolayers of these polymers adsorb (Figure 4.4) on the 
electrode surface. Surface coverage was calculated from the charge under the CV curve at slow 
scan rates (25 mV/s) to give typical monolayer coverages of 10-10 mol/cm2. Low adsorption of the 





Table 4.1 Summary of measured electrochemical properties of CP-containing RAPsa 
Polymer 
Tether length  
(n) 
E1/2 (V) ip,red/ip,ox Dox (cm2/s) k0 (cm/s)b 
p1CP 1 0.96 0.76 2.22 x 10-6 7.58 x 10-4 
p5CP 5 0.92 0.80 1.45 x 10-6 7.76 x 10-4 
p7CP 7 0.92 0.89 1.10 x 10-6 8.00 x 10-4 
a. Experimental conditions: glassy carbon (r = 1.5mm), 10 mM polymer, 0.1 M TBAPF6, MeCN. 

















Figure 4.2 Cyclic Voltammetry of synthesized CP polymers. (a) CVs of all three polymers at 100 mV/s. 
(b) Scan rate dependence of p7CP. (c) Randles-Sevcik analysis of peak currents from (b). All conditions 

















Figure 4.3 (a-b) Scan rate dependence of p1CP and p5CP. (c–d) Randles-Sevcik analysis of peak 




To further explore the electrochemical properties of these polymers, scan rate dependence 
studies were performed in solution (Figure 4.2b-c and 4.3). Table 4.1 summarizes the findings of 
these experiments. The peak currents displayed linear relationships as a function of the square root 
of the scan rate in all cases. From that relationship, diffusion coefficients were calculated from the 
slope using the Randles-Sevcik equation27 (Table 4.1). Additionally, peak separations greater than 
70 mV in all cases allowed for the estimation of heterogeneous rate constants (k0) using the 
Nicholson method.47 The estimated rate constants are all just below 10-3 cm/s, similar to other 
reported redox-active polymers.46 
Voltammetric analysis of these polymers showed promising metrics of high redox potential 
and electrochemical reversibility. Thus, we probed the bulk chemical reversibility of the CP redox 
couples in solution via potential-controlled bulk electrolysis in a W-cell configuration (Figure 4.5). 
All polymers were oxidized by holding the potential at 1.2 V vs. Ag/Ag+. Once fully charged, the 
potential was biased at 0.4 V vs. Ag/Ag+ to reduce the polymers back to their initial state. As seen 
in Figure 4.5, the charging curves over time all overlapped for the continuous six charge/discharge 
cycles performed. The first cycles exhibited higher charging indicative of possible trace water 
impurities that would oxidize at this potential. Some fluctuations in charge access were also 
observed possibly due to polymer adsorption onto the cell frits during the electrolysis. 
 
Figure 4.4 Cyclic voltammetry of adsorbed polymers. Film CVs of adsorbed layers onto glassy carbon 
electrodes in 0.1 M TBAPF6, MeCN. 
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Nevertheless, bulk electrolysis demonstrated the effective charge storage capability of these 
electrolytes in solution.  
 
Considering that all three polymers demonstrated redox reversibility within the timescale 
of CV and bulk electrolysis, their robustness was then evaluated using Galvanostatic 
charging/discharging. By using a three-electrode setup, we were able to probe the polymers in a 
half-cell configuration. A stirred W-cell was used where each compartment contained the 
reference, working, and counter electrodes, respectively. An equivalent C-rate of 2C, i.e. where 
1C means full electrolysis of the selected volume within 1h, was used for charging/discharging at 
5 mM in 0.1 M TBAPF6 in acetonitrile for 100 cycles. As shown in Figure 4.6, the polymers all 
 
Figure 4.5 Potential-controlled bulk electrolysis evaluation of CP polymers. Charge collected over time 
for p1CP (a), p5CP (b) and p7CP (c). All were performed in 0.1 M TBAPF6, MeCN at theoretical 




exhibited reversible cycling with Coulombic efficiencies near unity throughout. Efficiencies were 
calculated as the percent of Qdischarge/Qcharge per cycle. Average Coulombic efficiencies were 99.7 
± 10 % for p1CP, 100 ± 6 % for p5CP, and 99.4 ± 5 % for p7CP. Nonetheless, notable differences 
were observed in their capacity access. While the discharge capacity traces for p5CP and p7CP 
overlapped, the trace for p1CP was markedly lower (Figure 4.6b). In terms of discharge capacity, 
we observed that for p1CP, the average discharge was 28.7 ± 7 mAh/L whereas for p5CP and 
p7CP the averages were much higher at 62.7 ± 8 mAh/L and 59.0 ± 10 mAh/L, respectively. 
 
We hypothesized that the observed differences in capacity access and retention between 
the polymers were due to long-term instabilities of the charged state. Therefore, we tested this 
long-term stability of the charged state by monitoring the UV-Vis signal of the oxidized CP 
polymers over an eight-day period. UV-Vis is a convenient method to observe the charged state of 
the charged CP given its marked radical absorbance peak.12 When in its initial state of charge (SOC 
0), CP moieties exhibit just one UV-Vis signal near 226 nm (Figure C.18). Yet, once oxidized to 
its SOC 1, the CPs display a broad absorption near 485 nm that is easily monitored to track 






Figure 4.6 Galvanostatic cycling of CP polymers at a 2C rate. (a) Coulombic efficiency versus cycle 
number for p1CP, p5CP, and p7CP. (b) Discharge capacities for p1CP, p5CP, and p7CP over all 
















Figure 4.7 UV-Vis evaluation of CP polymers in SOC 1. (a) Normalized absorbance over time. (b–c) 
Spectra for p1CP and p7CP over eight days. (d) Photographs of a p7CP solution before and after 
electrolysis. The color change indicates the change in redox state.  
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Over an eight-day period, the peaks centered near 485 nm showed the slowest decrease in 
signal for p7CP and p5CP (Figure 4.7). In contrast, p1CP quickly decreased to near baseline 
while a clear new peak at 294 nm appeared over time. This peak was not originally present in 
p1CP’s SOC 0 spectra (Figure C.18), indicating the formation of a new species. In contrast, signals 
for p7CP and p5CP did not show the appearance of additional peaks, but they did decrease over 
time. Therefore, while there is some instability to these polymers, these experimental observations 
confirm the trends derived from the TD-DFT computed UV-Vis spectra. As the tether length is 
increased, the longer chain polymer p7CP shows improved stability in the long term as compared 
to the shorter tether chain p1CP due to the electronic isolation of the redox center from the rest of 
the backbone.  
We further explored the nature of the new peak at 294 nm observed after eight days for 
p1CP. Using the same solution that had been monitored, we re-electrolyzed it to explore whether 
the radical peaks could be regenerated. After this second electrolysis, the UV-Vis spectra revealed 
that instead of regenerating the radical di-cation (485 nm peak), the peak at 294 nm had been 
enhanced (Figure 4.8), suggesting that the oxidized radical of p1CP was decomposing into a 
different species. Additionally, when probed via CV after the re-oxidation, the solution showed 
multiple redox processes resembling that of polyaminobenzene derivatives48-50 (Figure 4.8). 
Previous studies of CP-based radicals have suggested aromatic products from dimerization13. We 
simulated the UV-Vis spectra (Figure 4.8) of several possible products including a 
hexaminobenzene derivative. These computational and experimental results suggest that this new 
peak UV-Vis peak could be due this type of aromatic species from radical combination.  
Since p7CP displayed the most stable charged species, we assembled a prototype flow 
cell15 using previously reported viologen RAPs14-15 on the anolyte compartment and p7CP at the 
catholyte compartment (Figure 4.9). The separator consisted of Celgard 2400 coated with size 
excluding crosslinked PIM-18, 51-52 (polymer of intrinsic microporosity) on one side. The 
crosslinked PIM-1 layer was ~1 µm thick with an area specific resistance (ASR) of 3.2 Ω cm2 in 
0.5 M TBAPF6 in acetonitrile, which is only a 2 Ω cm2 increase compared to unmodified Celgard 
2400 (Figure C.22). The cell operated at a flow rate of 5 mL/min and the applied current was 
equivalent to 1 C (0.6 mA/cm2). Flowing of this cell produced a battery of 1.55 V with average 
Coulombic efficiencies of 79.1 ± 6.4 % over 40 cycles (Figure 4.10), which was lower than when 
cycling p7CP alone. Thus, the lowered efficiency eventually led to capacity losses. Nevertheless, 
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Figure 4.8 Re-oxidation of p1CP. (a) UV-Vis spectra of over-oxidized p1CP (Reoxidized) compared 
to prior to re-oxidation (8d after oxidation) and to just oxidized experimental spectra. (b) CV of p1CP 
after re-oxidation via bulk electrolysis. (c) Simulated decomposition products (red and blue) compared 












Figure 4.10 Flow cell using p7CP and viologen RAP. (a) Voltage vs. capacity plots at selected cycles. 
(b) Coulombic, energy, and voltage efficiencies of tested cell over 40 cycles. Each compartment held 
10 mM polymer solutions in 0.1 M TBAPF6. MeCN. The volumetric flow rate was 5 mL/min and the 




Figure 4.9 (a) Viologen RAP structure used as the anolyte. (b) Flow cell configuration. Flow cell design 




We reported a series of cyclopropenium polyelectrolytes that exhibit charge storage 
capabilities for size-exclusion flow batteries. These polymers display high solubility and 
competitive redox potentials, showing promise for high energy density charge storage in non-
aqueous redox flow batteries. We used theoretical calculations to select a set of pendants with 
varying tether length to achieve higher stability of the charged CP di-cation. We found that 
increasing the tether length (up to 7 methylene groups) improved the chemical reversibility and 
capacity retention of the CP RAP as measured by voltammetry and UV-Vis spectrophotometry, in 
agreement with our calculations. We were able to test these polymers for 100 cycles while 
maintaining average Coulombic efficiencies near unity. Cycling and stability studies show that 
these polymers undergo some loss in charge capacity over time, but the strategy of isolating the 
pendant redox group from the backbone improves performance. Thus, future efforts from our 
laboratories will be focused on molecular design to further improve the stability of polymers with 
these CP and other redox centers and demonstrate a working flow cell with minimal capacity loss 
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Electrochemical Versatility of Redox Active Polymers 





Metal-air battery technologies such as Li–O2 have received wide attention in recent years 
due to its high theoretical capacity. Nevertheless, the technology still suffers from high 
overpotentials during charge and discharge due to the nature of the energy storage reaction that 
produces Li2O2 upon discharge. In this study, we investigate the effect of soluble polymeric redox 
materials for the oxygen reduction reaction as well as for the oxidation of Li2O2 in nonqueous 
media. Soluble redox active polymers (RAPs) are demonstrated to be versatile redox fluids for 
catalytic applications since their reactivity is capable of responding to its local environment. 
Thorough electrochemical evaluation of RAPs using electroanalytical techniques such as 
voltammetric methods, potential-controlled electrolysis, and spectro-electrochemistry reveal that 
viologen RAPs catalyze oxygen reduction. Ferrocene-based RAPs are also evaluated using 
voltammetric methods for the oxidation of Li2O2. In sum, this work demonstrates that soluble 
RAPs interact with electrode interfaces in manner where charge transfer and transport within RAP 
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Organic macromolecular architectures such as polymers, oligomers, and colloids have 
recently gained interest for next-generation energy storage and conversion solutions given their 
size-exclusion capabilities. These architectures are highly tunable and redox-active by 
incorporation of organic redox motifs as pendants. In recent years, we have introduced several 
redox active pendant motifs for redox-active polymers (RAPs) for energy storage applications such 
as flow batteries.1-3 Yet, these soluble RAPs show promise in other areas of energy storage, such 
as redox mediator electrocatalysts as is presented in this study. 
Li–O2 batteries have generated great research interest since their concept was introduced 
in 1996 by Abraham and Jang4 due to the extremely high theoretical specific energy density of the 
battery. Its energy density is calculated at 11,430 Wh/kg5 (based on charged state excluding the 
mass of oxygen), which is beyond that of Li-ion. Since then, many types of Li–O2 cells have been 
explored in both aqueous and non-aqueous configurations. For rechargeable non-aqueous Li–O2, 
the charge/discharge process is based on the reaction:  
2 Li+ + O2 + 2e– ↔ Li2O2  2.96 V vs. Li/Li+           (1) 
where the potential is derived from standard Gibbs free energy values.6  These cells are typically 
composed of a lithium metal anode and a high surface area porous cathode with dissolved O2 in a 
lithium-based electrolyte.  
Upon discharge, the cathode produces the product Li2O2 and oxidizes it back to Li+ and O2 
upon charging. Generally, the mechanism of discharge proceeds through the steps: 
Li+ + O2 + e– → LiO2             (2) 
2 LiO2 → Li2O2 + O2             (3) 
LiO2 + Li+ + e– → Li2O2           (4) 
However, the solid Li2O2 product typically tends to accumulate at the cathode surface, forming 
passivating films that limit the practical capacity of Li–O2 cells.5 Thus, recently there has been 
increased efforts to drive the production of Li2O2 away from the electrode surface to increase the 
practical discharge capacities and prevent early cell death. One strategy for this is to utilize 
catalysts dissolved in the electrolyte that promote Li2O2 formation in solution rather than at the 
electrode during discharge, which in turn also decreases the overpotential required for cell 
discharge.6-9 The same strategy has also been applied to the charging process in Li–O2 batteries to 
decrease high overpotentials typically required to access the bulk insulating Li2O2 deposits.7 The 
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decrease in these overpotentials to decompose Li2O2 back to Li+ and O2 means higher energy 
efficiencies and a decrease in the likelihood of decomposition reactions in the electrolyte or 
carbon-based cathode. 
Nevertheless, these solution phase catalysts for the Li–O2 battery have only been explored 
as small molecules to date.10 Some examples of these redox catalysts include viologens,11-12 DBBQ 
(2,5-di-tert-butyl-1,4-benzoquinone),8 and other quinones9 for oxygen reduction and TEMPO 
(2,2,6,6-tetramethylpiperidinyloxyl),13 TTF (tetrathiafulvalene),14 and TDPA (tris[4-
(diethylamino)phenyl]amine)15 for Li2O2 oxidation. Polymeric equivalents of these molecular 
catalysts, such as viologen RAPs, become attractive for these applications in contrast to small 
molecules due to their morphological and reactive versatility that can be modulated in solution by 
their surrounding environment.16 Viologen groups have redox potentials near – 0.4 V vs. Ag/AgCl 
(2.82 V vs. Li/Li+), which is 140 mV away from the thermodynamic potential of O2/Li2O2 redox, 
making them attractive electrocatalysts for the discharge reaction.11-12 In this study, we explore the 
electrocatalytic reactivity of soluble redox active polymers (RAPs) in varied alkali environments 




5.3 Materials and Methods 
 Materials – The polystyrene based polymers: poly(vinylbenzyl viologen) 
dihexafluorophosphate (PEV) and ammonium ferrocenylmethyl polymer (PAF) were synthesized 
using reported protocols.3, 17 Anhydrous acetonitrile (MeCN, 99.8%), lithium tetrafluoroborate 
(LiBF4, 99.99%), potassium hexafluorophosphate (KPF6, ≥ 99%), and tetrabutyl ammonium 
hexafluorophosphate (TBAPF6, > 99%) were all purchased from Sigma-Aldrich with the highest 
available purity and used as received.  
 Electrochemical measurements – Unless specified, all voltammetric experiments were 
carried out using a standard three-electrode configuration with a 1.5 mm radius glassy carbon 
working electrode (Gamry Instruments, A = 0.07 cm2), a Pt wire as counter electrode, and an 
Ag/AgCl (sat’d KCl) reference electrode. For air-free measurements, an Ag wire quasi-reference 
electrode was used and potentials converted to Ag/AgCl using ferrocene (Fc/Fc+) as a standard. 
All solutions used for electrochemical measurements were prepared inside of an Ar-filled 
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glovebox (VTI) with stringent control of moisture and O2 levels prior to use in an oxygen 
environment. Polymer solution concentrations are expressed as effective repeat unit concentration. 
Saturation of solutions with oxygen was achieved by bubbling dry oxygen via syringe needle for 
at least 15 minutes at room temperature. Electrochemical measurements were taken using a CHI 
601E or CHI 760E bipotentiostat. For rotating ring disk electrode (RRDE) measurements, a Pine 
Research MSR rotator was used for electrode rotation control.  
For bulk electrolysis experiments, high surface area carbon felt electrodes were used for 
working and counter electrodes along with an Ag/AgCl (sat’d KCl) reference. A stirred three-
compartment W-cell divided by quartz frits was used for electrolysis experiments. For electrolysis 
of PEV, an overpotential of –150 mV from E1/2 was applied under a N2 or Ar environment to 
produce the reduced form of PEV. Once reduced, oxygen was bubbled into the working electrode 
compartment until the dark violet color of reduced PEV was fully bleached. This process of 
reduction by electrolysis and oxidation via oxygen was repeated various times.  
 Materials Characterization – UV-Visible spectra were taken using an SEC 2000-
spectrometer from ALS Co. (Japan) in absorbance mode. Scanning electron microscopy (SEM) 
imaging and Energy dispersive X-ray spectroscopy (EDS) were carried out using a Hitachi S-4700 
high resolution SEM equipped with an Oxford Instruments iXRF EDS Elemental Analysis System 




5.4 Electrochemistry of Viologen Polymer with Oxygen in Li+ 
In a non-aqueous environment, the discharge reaction for a Li–O2 cell is the reduction of 
oxygen to Li2O2. This reaction has a thermodynamic potential of 2.96 V vs. Li/Li+ (or – 0.26 V vs. 
Ag/AgCl, equation 1), but in Li–O2 cells this happens at lower potentials as exemplified in Figure 
5.1 (red curve) for a glassy carbon electrode. For the case of direct O2 reduction at the electrode, 
the peak current for this process is centered at – 0.83 V vs. Ag/AgCl. To reduce this overpotential 
of discharge in a Li–O2 cell, solution phase catalysts can be employed to approximate the discharge 
potential closer to that of the thermodynamic potential.6-8  These catalysts must have a reduction 
potential more positive than that of the direct O2 reduction at the electrode to promote the O2 
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reduction via the electrocatalyst at a lower overpotential as well as promote Li2O2 formation away 
from the electrode surface given Li2O2’s passivating properties.  
 
 Figure 5.1 demonstrates the electrochemical response of poly(vinylbenzyl viologen) 
dihexafluorophosphate (PEV) under N2 in 0.1 M LiBF4 in acetonitrile, which is a reversible 
reduction of PEV2+ to PEV•+ centered at – 0.42 V. When the solution is saturated with O2, the 
reduction current increases significantly while the reverse oxidation peak disappears. This 
behavior indicates electrocatalytic reduction (typical of an EC’ mechanism).18 In this case, the 
voltammetric analysis suggests that the reduced form of the polymer (PEV•+) mediates electron 
transfer to O2 in solution, thus regenerating PEV2+ in solution which results in current increase and 




Figure 5.1 Cyclic voltammetry of O2 reduction in presence of PEV. Voltammograms under N2 for bare 
electrolyte (pink), PEV (blue) and under O2 for oxygen reduction with PEV (blue-green) and without 
(red). All voltammograms were taken in 0.1 M LiBF4 in MeCN, PEV concentration was 10 mM, and 











Scheme 5.1 Reaction schemes for the electrocatalysis of peroxide formation by PEV. (a) Schematic of 
catalytic cycle, where PEV is reduced at the electrode to form PEV•+, which then reacts in solution with 




















To confirm the proposed catalytic cycle, UV-Vis spectroscopy was performed to track 
PEV during oxidation with O2. PEV•+ was produced via bulk electrolysis by reducing at a constant 
overpotential of – 150 mV past E1/2 for PEV at a concentration of 5 mM in 0.1 M LiBF4 in 
acetonitrile and under argon. PEV•+ spectra display prominent peaks ca. 369 and 535 nm 
associated to the reduced form of the viologen polymer pendants, while PEV2+ displays a single 
peak ca. 260 nm (Figure 5.2).19-21 Thus, once the electrolysis was complete, an aliquot of the PEV•+ 
solution was diluted to 200 μM polymer concentration for UV-Vis analysis. The spectra of the 
solution were tracked while O2 was bubbled into the solution. As is observed in Figure 5.2a, 
reaction with O2 decreases PEV•+ peaks near 369 and 535 nm while the PEV2+ peak at 260 nm 
grows. Furthermore, to demonstrate the cyclability of PEV and confirm that PEV was not 
degrading when reacting with oxygen,11, 22 the reduced PEV solution was re-reduced using Zn 
powder. This was done by fully oxidizing the 5 mM electrolyzed solution via O2 bubbling until 
the violet solution became fully colorless, followed by removing all oxygen with Ar and adding 
excess Zn powder under stirring. Upon subsequent chemical reduction with Zn, the solution 
spectrum had good agreement at the 369 and 535 nm peaks (Figure 5.2b) confirming the 
regeneration of PEV•+. 
 
 Since the previous cycling experiments involved using chemical reduction, the cyclability 
of the PEV electrocatalysis was further probed via electrochemical methods, which are more 
 
 
Figure 5.2 UV-Vis measurements for PEV stability to O2 reduction. (a) Spectra of PEV•+ titration with 
O2 over time via bubbling. (b) Spectra of electrochemically reduced PEV (green), O2 oxidized PEV 
(purple), and same solution re-reduced with Zn (gold).  
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indicative for performance in a Li–O2 cell. To do this, a solution of 10 mM PEV in 0.1 M LiBF4, 
MeCN was cycled using bulk electrolysis for reduction and O2 bubbling for oxidation. Three 
consecutive cycles of reduction/oxidation were performed, where the PEV was reduced to the 
same extent each time (2.4 C) and the dark violet color could be regenerated (Figure 5.3). Thus, 
this experiment together with the UV-Vis tracking, confirms that PEV acts as a catalyst and is not 
consumed while mediating the oxygen reduction reaction in a Li+ environment. 
 
 Additionally, scanning electron microscopy (SEM) analysis on the electrodes used for 
cycling via bulk electrolysis/bubbling was performed to characterize the products of the PEV 
catalysis. Examination by SEM showed filming of the polymer onto the carbon felt electrode fibers 
as is expected for these polymers,3 with the addition of small particles above the filming, 
resembling that of Li2O2 particle morphologies8 (Figure 5.4). Energy dispersive X-ray 
spectroscopy (EDS) analysis of these particles clearly showed the presence of oxygen as compared 
to pristine carbon felt that displays only carbon signals (Figure 5.5). Additional peaks of fluorine 
 
 
Figure 5.3 Cycling of PEV via bulk electrolysis/bubbling. (a) Example charging curve for reduction of 
PEV with potential-controlled electrolysis. (b) Photographs of PEV solution during cycling. Dark violet 
indicates reduced state (PEV •+). 
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and phosphorous can be observed on the cycled electrode due to the supporting electrolyte and 
polymer anions (Figure 5.4). Thus, the SEM/EDS analysis confirmed the presence of oxygenated 





5.5 Modularity of RAP Electrochemistry 
The prior experiments demonstrated the concept that viologen RAPs like PEV reversibly 
mediate the oxygen reduction necessary for Li–O2 applications. However, RAPs have the ability 
to behave as polyelectrolytes, which in turn modulates the electrochemical reactivity of the 
 
 
Figure 5.4 SEM and EDS analysis of carbon electrodes after cycling. (a) Representative EDS spectrum 




Figure 5.5 SEM and EDS analysis of pristine carbon felt electrodes. (a) Representative EDS spectrum. 
(b) SEM image showing analyzed spot. 
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polymer.16 Therefore, these properties require exploration to understand how the electrocatalysis 
by PEV can be optimized to enhance reduction kinetics and the reaction mechanism.  
 
Initial explorations into this modulation concept were assessed via CV. Figure 5.6 shows 
the voltammetric response of PEV for oxygen reduction in varied supporting electrolyte 
concentrations. Figure 5.6c summarizes the behavior of PEV-catalyzed oxygen reduction in three 
different Li+ concentration regimes. As can be observed, the shape of the voltammetry is highly 
sensitive to ionic strength, reflecting changes in reactivity at all three environments. Specifically 
 
 
Figure 5.6 Cyclic voltammetry of O2 reduction in presence of PEV at varied electrolyte ionic strengths. 
(a–b) Voltammograms under N2 for bare electrolyte (pink), PEV (blue) and under O2 for oxygen 
reduction with PEV(blue-green) and without (red). (c) Comparison of PEV electrocatalysis of O2 
reduction at varied electrolyte concentrations. All voltammograms were taken in LiBF4 in MeCN, PEV 
concentration was 10 mM, and scan rate was 50 mV/s. Glassy carbon electrode had area of 0.07 cm2. 
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for the catalysis peaks summarized in Figure 5.6c, it is seen that at low Li+ concentrations, the 
reduction peak is highly broadened and located at highly negative potentials centered near – 0.9 V 
vs. Ag/AgCl. This highly negative peak overpotential is indicative that direct oxygen reduction at 
the electrode dominates, rather than PEV-mediated reduction. In contrast, at 1 M and 0.1 M LiBF4 
the reductive peaks overlap at similar peak potentials near the redox potential of PEV, which are 
due to the electrocatalysis of oxygen reduction by PEV. The magnitude of the peak current does 
vary with the concentration of Li+, suggesting kinetic differences.23 Therefore, simulation work is 
currently underway to quantify these differences due to Li+ concentration and how to optimize 




5.6  Electrochemistry of Ferrocene Polymer with Li2O2 
Severe polarization of Li–O2 cells upon charging has motivated much research into finding 
soluble redox mediators to catalyze Li2O2 oxidation and decrease charging overpotentials. 
Opposite to reduction catalysts like the PEV discussed above, these oxidation mediators must have 
redox potentials higher than that of Li2O2 redox (equation 1). Typical overpotentials when 
charging Li–O2 cells with no catalyst can reach beyond 1.5 V from Li2O2 redox.7, 24 Similarly, 
these mediators must have highly reversible electrochemistry to mediate the oxidation repeatedly. 
Ferrocene-based mediators exhibit these requirements, thus an ammonium ferrocenylmethyl RAP 
(PAF)2 was investigated for Li2O2 oxidation.  
In the absence of O2 (under Ar), PAF voltammetry is highly reversible with a redox 
potential of 0.52 V vs. Ag/AgCl. (Figure 5.7). To probe PAF’s activity towards Li2O2 oxidation, 
PAF was combined with PEV under O2 in 0.1 M LiBF4 for cyclic voltammetry (Figure 5.8). The 
electrode was first swept positive, where the reversible PAF redox is observed, followed by a 
sweep towards PEV-catalyzed oxygen reduction. At that reductive peak, Li2O2 is produced and 
the potential sweep direction is flipped to go back to the PAF redox potentials. At this second 
cycle in the PAF potentials, it is observed that the PAF redox peaks no longer overlap with the 
first cycle. The onset shape has changed and the reverse reduction has decreased, indicative of 







Figure 5.7 Cyclic voltammetry of PAF cycled under Ar in 0.1 M LiBF4 in MeCN. Taken at a 
concentration of 10 mM with a Pt disk electrode (area: 0.03 cm2). 
 
 
Figure 5.8 Cyclic voltammetry of PEV and PAF cycled under O2. Voltammogram taken at 100 mV/s 
in 0.1 M LiBF4 in MeCN. PEV and PAF concentrations were 10 mM each. Glassy carbon electrode 




To investigate further the role of PAF in Li2O2 decomposition, rotating ring disk electrode 
(RRDE) voltammetry was used. In these measurements, the disk was swept from 0.2 V to 0.8 V 
vs. Ag/AgCl to produce PAF+ while the ring was biased at reductive potentials to collect PAF+ by 
reducing it back to its original state of PAF (Scheme 5.2). Figure 5.9 shows the results of RRDE 
measurements taken on PAF in the absence and presence of excess Li2O2 in acetonitrile at 500 
rpm and selected collection potentials (0 and – 0.4 V). As can be observed at the disk currents 
(Figure 5.8a), both sweeps with only PAF agree well with each other as expected, but the 
introduction of Li2O2 into solution affects the linear sweep voltammetry collected. With and 
without Li2O2 present, the disk still reaches the same current level, but the slope and curvature 
 
 
Figure 5.9 RRDE measurements for PAF in presence of Li2O2. (a) Disk currents for all cases: ring bias 
at 0 V and -0.4 V with (dash) and without (solid) Li2O2 present. (b–c) Ring currents for 0 V (b) and -
0.4 V (c) bias at the ring with and without Li2O2 present. (b–c) Currents normalized by minimum. All 
measurements taken at 1 mM PAF in 0.1 M LiBF4 in MeCN. Scan rate was 25 mV/s and rotation rate 
of 500 rpm. 
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point to a change in kinetic behavior.25 Additionally, the ring measurements see a decrease in the 
collection current indicating that PAF+ is being consumed prior to reaching the ring, as would be 










Scheme 5.2 Representation of RRDE experiments. The ring-disk electrode rotates while opposite redox 




 This study demonstrates initial results into the activity of RAPs as electrocatalysts for 
oxygen reduction to Li2O2 as well as for the opposite reaction to decompose Li2O2 back to Li+ and 
O2. Two redox pendants were evaluated: viologen for the reduction catalysis and ferrocene for 
oxidation catalysis. The viologen RAP, PEV, demonstrated classic EC’ behavior by voltammetry 
when exposed to oxygen in a Li+ solution. Bulk electrolysis cycling and UV-Vis spectroscopy 
assessed the reversibility of the catalytic process and EDS analysis confirmed the formation of 
oxides from the catalysis. The PEV-mediated reduction process could bring a number of benefits 
to Li–O2 batteries by decreasing the overpotential required for discharge and aiding in forming 
Li2O2 in solution rather than directly at the electrode interface alone. These benefits have yet to be 
tested in a true Li–O2 cell, but efforts are currently underway. Moreover, as was observed by 
voltammetry, RAP reactivity (kinetics) is sensitive to the electrolyte environment, thus they offer 
an additional degree of modularity for tailoring the desired reactivity to Li–O2 cells that small 
molecules cannot offer. In the future, these kinetic differences will be quantified using 
voltammetric simulation to truly take advantage of these RAP properties. The ferrocene RAP, 
PAF, was preliminarily shown to have activity towards the oxidation of Li2O2 through 
voltammetry and RRDE, yet much remains to be explored with this polymer. Nevertheless, this 
opens an opportunity for exploring oxidizing RAPs for use in Li–O2 cells. Future work in this 
direction will focus on finding redox pendants that have redox potentials closer to that of Li2O2’s 
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A.1 General Information 
All air or moisture-sensitive manipulations were performed under nitrogen atmosphere 
using standard schlenk techniques. All glassware was oven-dried prior to use. Unless otherwise 
stated, all starting materials and reagents were purchased from Sigma-Aldrich, Fisher Scientific 
or Matrix Scientific and used without further purification. Dimethyl formamide (DMF) and 
tetrahedrofuran (THF) was obtained from a Solvent Delivery System (SDS) equipped with 
activated neutral alumina columns under argon. Spectroscopic grade acetonitrile was used for 
UV-Vis, DLS, rheological, and electrochemical measurements. Infrared spectra (percent 
transmittance) were acquired on a Nicolet Nexus 670 FT-IR spectrometer with an ATR-IR 
attachment. UV-Vis absorption spectra were recorded on an HP8542 and Shimadzu instruments. 
Dynamic light scattering was recorded on Malvern Zetasizer. Refractive index and viscosity of 
acetonitrile were used as input parameters for DLS measurements.  Elemental analyses were 
performed on the following instruments: CHN analysis - Exeter Analytical CE 440 and Perkin 
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Elmer 2440, Series II; ICP analysis - ICP-MS and ICP-OES; Halide analysis - Titration & ISE. 




A.2 Synthesis of Crosslinked Polyvinyl Benzylchloride and Redox Active 
Colloidal Particles (RACs) 
 
Polyvinylbenzyl chloride particles (60 and 90 nm):  The redox-initiated emulsion 
polymerization of 4-vinylbenzyl chloride reported by Chonde and coworkers1 was modified to 
synthesize poly(4-vinylbenzyl chloride) (PVBC) particles 60 ± 10 and 90 ± 10 nm in diameter. 
Reagent quantities are listed in Table S1. A 200-mL Morton flask fitted to a mechanical stirrer was 
charged with water, Triton X-100 solution, SDS solution, and KOH solution. Nitrogen was 
bubbled through the mixture for 15 min, and the mixture was heated to 30 ºC. After addition of 4-
vinylbenzyl chloride and divinylbenzene, the mixture was stirred ~330 rpm for 1 h. The initiator 
solutions and nitromethane were then added, and the stir rate was reduced to ~150 rpm. Turbidity 
was observed within 15 min. After 12 h, the reaction mixture was dialyzed against a 2.0% (w/v) 
solution of Triton X-100 in THF. The solution was replaced 4 times in 24 h. Particle diameter and 
standard deviation were obtained from SEM images using ImageJ software and averaging 50 
particles. 
Table A.1 Recipes for 60-nm and 90-nm PVBC particles 
Reagent 60-nm Recipe 90-nm Recipe 
Water (mL) 21.0 14.0 
10% (w/w) Triton X-100 (mL) 16.0 16.0 
1.0% (w/w) Sodium dodecyl sulfate (mL) 16.0 16.0 
0.1 N KOH (mL) 12.0 12.0 
0.01% (w/w) FeSO4ꞏ7H2O (mL) 1.0 2.0 
4-Vinylbenzyl chloride, 90% (mL) 15.0 30.0 
Divinylbenzene, 80% (mL) 0.30 0.60 
1.0% (w/w) NaHSO3 (mL) 4.0 8.0 
3.0% (w/w) K2S2O8 (mL) 2.0 4.0 
Nitromethane (mL) 0.02 0.02 
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Polyvinylbenzyl chloride particles (750nm): The dispersion polymerization procedure reported 
by Margel and coworkers2 was modified to yield PVBC particles 0.75 ± 0.08 µm in diameter. In a 
200-mL Morton flask fitted to a mechanical stirrer, polyvinylpyrrolidone (1.15 g, average 
molecular weight 40 kDa) was dissolved in 200-proof EtOH (95 mL). The solution was stirred at 
~165 rpm and sparged with nitrogen for 15 min before being heated to 70 ºC. AIBN (0.10g) was 
dissolved in 4-vinylbenzyl chloride (4.9 mL, 90%) and divinylbenzene (0.10 mL, 80%); this 
solution was added to the stirring, heated mixture. After 12 h, the mixture was centrifuged; and 
the supernatant was decanted. The particles were functionalized in the next step without 
purification or drying. Particle diameter and standard deviation were obtained from SEM images 
using ImageJ software and averaging 50 particles. 
 
Viologen redox active colloidal particles (RACs 1-3): Dry DMF (45 mL) and dry THF (45 mL) 
were added to a flask containing crosslinked polyvinylbenzyl chloride colloidal particles (1.5 g) 
and the resultant mixture was sonicated in bath sonicator till homogeneous dispersion is obtained 
(~ 1-2 h). To the above dispersion ethyl viologen (15 g) was added and reflux condenser was 
attached. Reflux condenser was sealed with rubber septa at the top. Dispersion was subjected to 3 
vacuum/nitrogen cycles followed by purging with nitrogen for about 15 min. Roundbottom flask 
was immersed in oil bath preheated to 90 °C for 7 days. Concentrated solution of ammonium 
hexafluoro phosphate (15 g in 30 mL water) solution was prepared in water and added to the above 
reaction mixture. To the resultant solution, a mixture of DMF (20 mL) and acetonitrile (20 mL) 
was added and stirred at room temperature for 2 days.  Water was added to the above solution till 
the precipitate was observed. Product was separated by centrifuging the mixture. To the obtained 
product methanol was added, centrifugued (50 mL centrifuge tubes) and supernatant decanted. 
Scheme A.1 Synthetic scheme for viologen RACs. 
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This was repeated for 3 times with methanol and 2 times with ether and the resultant product was 
dried under high vacuum for 2 days. RAC 1-3 are in peachpuff to light salmon color.  
 
Ferrocene redox active colloidal particles (RAC 4): Dry DMF (50 mL) and dry THF (50 mL) 
were added to a flask containing crosslinked polyvinylbenzyl chloride colloidal particles (1.0 g) 
and the resultant mixture was sonicated in bath sonicator till homogeneous dispersion is obtained 
(~ 1-2 h). To the above dispersion (dimethylaminomethyl) ferrocene (12 mL) was added and the 
flask was sealed with rubber septa. Dispersion was subjected to 3 vacuum/nitrogen cycles followed 
by purging with nitrogen for about 15 min. The flask was immersed in oil bath preheated to 50 °C 
and stirred for 4 days. Reaction mixture was precipitated in diethyl ether and colloidal particles 
were separated by centrifugation. Colloidal particles were redispersed in DMF (~ 200 mL). 
Concentrated solution of ammonium hexafluorophosphate (12 g in 30 mL water) was prepared in 
water and added to the colloidal particle dispersion and stirred for 1 day. The product was collected 
by precipitating the resultant solution in water. To the obtained product methanol was added, 
centrifugued (50 mL centrifuge tubes) and supernatant decanted. This was repeated 3 times with 
methanol. The product was redispersed in DMF and precipitated in ether. To the obtained product 
ether was added, centrifugued (50 mL centrifuge tubes) and supernatant decanted. This was 
repeated 3 times with ether. The resultant colloidal particles were dried under high vacuum for 2 






Scheme A.2 Synthetic scheme for ferrocene RACs. 
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Table A.2 Elemental (C, H, N, P, F, Cl) analysis of RACs 1-3  
Sample Element C H N F P Cl 
RAC 1-
80nm 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0 
Experimental (%) 45.49 3.88 4.51 37.68 8.56 0.15 
Difference 2.91 0.14 -0.22 -0.81 -1.9 0.15 
RAC 2-
135nm 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 42.60 3.81 5.23 37.78 10.42 0.13 
Difference 0.02 0.07 0.5 -0.71 -0.04 0.13 
RAC 3-
827nm 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 46.21 4.00 4.94 30.94 8.32 0.00 
Difference 3.63 0.26 0.21 -7.55 -2.14 0.00 
 
 
Table A.3 Elemental (C, H, N, P, Fe, F, Cl) analysis of RAC 4 
Sample Element C H N Fe P F Cl 
RAC 4 – 
88 nm 
Theoretical (%) 52.3 5.19 2.77 11.05 6.13 22.56 0 
Experimental (%) 51.00 5.44 3.9 9.56 5.98 19.48 0.14 
Difference -1.3 0.25 1.13 -1.49 -0.15 -3.08 0.14 
 
 






RAC 1 - 80nm 24100±600 
RAC 2 - 135nm 23000±500 


















Figure A.2 Absorbance spectra of monomer and RACs 1-3 at 4.22×10-5 M in acetonitrile. 
 
RACs 1-2 display similar absorbance spectra and molar absorptivity to monomer (benzylethyl 
viologen) at the same concentration, indicative of complete RAC functionalization. RAC 3 
displays high degree of scattering due to particles size4,5 leading to a broadened peak, thus percent 





Figure A.3 ATR-IR spectra of RACs 1-3. 
 
Complete loss of the 1280 cm-1 peak corresponding to the benzyl chloride was accompanied by 
growth of the 1650 cm-1 peak arising from the viologen quaternary amine. Nearly complete 
functionalization is not only desirable for high energy density, but also necessary for comparing 













A.3 Supporting Electrochemical Characterization of RACs 
Methods – All electrochemical experiments were performed on a CHI920D or CHI760 
potentiostat and inside of an Ar-filled drybox with stringent control of O2 and moisture levels. All 
chemical reagents, except for synthesized RACs, were purchased from Sigma-Aldrich with the 
highest available purity and used as received. Unless specified, all voltammetric and bulk 
electrolysis experiments were carried out using a standard three-electrode configuration with either 
a large-area Pt mesh (bulk electrolysis), 12.5 μm radius Pt ultramicroelectrode (UME), or 1 mm 
radius Pt disk electrode (transient voltammetry) as the working electrode, a non-aqueous Ag/Ag+ 
reference electrode (CHI112, 0.1 M AgNO3 in acetonitrile solution), and a graphite rod (bulk 
electrolysis) or Pt wire (transient voltammetry) as counter electrode. Most experiments were 
carried out in a three-chamber electrochemical cell with 1.0-1.6 μm glass frits. The transient 
voltammetry of viologen colloids was tested with a 10 mM effective repeating unit concentration 
for all RACs in 0.1 M LiBF4 in acetonitrile as supporting electrolyte. 
Preparation method of monolayer film – 3 mg/mL solutions of RACs 1-3 in acetonitrile 
were prepared and dispersed by sonication for 15 minutes before use as a stock solution. The 
smooth Au substrates were fabricated via E-beam evaporation with 5 nm Ti adhesion layer and 50 
nm Au on Si wafer at a slow evaporation rate of 0.1 - 0.2 Å/s. Water-air interface method was 
applied to fabricate monolayer films of 80 nm and 135 nm VioRACs. A glass trough (22 mm 
diameter) was cleaned with Nochromix and blow-dried with Ar. 40 µL of stock solution was 
slowly injected along glass side wall and spread on the surface of deionized water. A microscope 
slide was used to cover the trough and let film equilibrate overnight. The self-assembled RACs 
film floated onto the deionized water surface. Langmuir-Schaefer method was applied to transfer 
monolayer film to Au substrate. Water-air interface method did not successfully translate to the 
larger RAC 3 since it always forms low density film. Langmuir-Blodgett (LB) Film Trough 
(NIMA 311D) was used to apply constant pressure to condense RAC 3 film. 1 mL stock solution 
was slowly spread on the surface of deionized water inside compressing barrier. By slowly 
approaching the barrier of LB trough and holding constant pressure at 55 mN/m, the RAC 3 
monolayer film was formed on water surface. Langmuir-Schaefer methods was applied to transfer 





Figure A.4 SECM of RAC 3 (a) A successful approach to a single particle on the glass substrate gives 
negative feedback. (b) CVs at various scan rates on approached RAC. (c) Chronoamperometric transients 
from the discharges at -0.1 V vs. Ag/Ag+ indicate starting current densities of 0.2 A/cm2. Inset: 
Chronocoulometric transients taken at -0.89 V and -0.1 V vs. Ag/Ag+ (0.1 M AgNO3) reversibly. (d) SEM 
of RAC 3-coated glass substrate post experiment.  
 
SECM methodology – A nano-dimensioned SECM electrode was used as an electrical 
contact to a single RAC on an insulating glass surface. The SECM tip was approached to the 
surface through negative feedback until the tip made contact from crashing. In order to test whether 
the tip had landed on RAC, cyclic voltammetry was performed to test for the reduction of viologen. 
If nothing was detected the tip was retracted and reapproached to another location on the surface. 
The SECM approach curve to RAC gives negative feedback from the electrical inertness of the 
particle and the substrate.6 There is a deviation from the negative feedback curve at small values 
of L (L<2) which is due to collision with the particle and pressing of RAC. The SECM tip has an 
electrode radius of 300 nm which is approximately half the radius of a single solvated RAC which 
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would manifest as a collision at roughly L=2 in an SECM approach curve.7 Regarding the 
evolution of the cathodic step chronoamperograms, we ascribe the difference in charge observed 
with respect to the anodic step to small traces of O2 reduction in our cell which accumulate charge 
over time. However, it is also tempting to propose that some of the differences between the first 
and consecutive cycles could be due to a RAC “pre-conditioning step,” i.e. changes in swelling of 
the polymer structure following charge injection in the RAC. 
Preparation method of RAC-containing substrate – The RAC 3 samples for single 
nanoparticle SECM were made by drop-dry method. 0.1 mg/mL RAC 3 acetonitrile solution was 
made and sonicated 5 minutes before use. 5 μL of solution were directly dropped onto a glass slide 
and let dry in air. The result was a dispersed RAC 3 array with distances between particles larger 
than 2 μm.  
 
 
Figure A.5 Effect of film loading on electrochemical properties of RACs 1-3. 
 
Film loading methodology – Change in RAC charge as a function of the loading onto an 
electrode surface. 10 mM RAC in acetonitrile (no supporting electrolyte) was deposited dropwise 
onto a 0.03 cm2 Pt disk electrode in 10 uL increments and let dry. The charge due to the adhered 
film was measured by chronoamperometry (potential held at -0.9 V vs. Ag/Ag+ for 300 s) in a 0.1 









Figure A.6 SEM images of the RACs 1-3 after multiple charge/discharge cycles (a–c) RAC 1-3, 
respectively, after multiple cycles. Scale bars 500 nm. (d) RAC 2 adsorbed onto carbon felt electrode after 






















A.4 RACs as Flow Battery Materials 
PermGear Side-Bi-Side cell was used to study the crossover properties of LiBF4, monomer 
and RACs across Celgard 2325 (pore size 28nm), and Celgard 2400 (pore size 43 nm). Celgard 
separator was sandwiched between the donor and receiver compartments of the Side-Bi-Side cell. 
A solution of LiBF4, monomer or RACs (0.01M) in acetonitrile was taken in the donor 
compartment. Receiver compartment was filled with acetonitrile. Solution was stirred at 1200 rpm 
using magnetic stir bar for 24 h. UV-Vis absorbance of the solution in the receiver compartment 
was recorded to determine the concentration of the sample. Conductivity of the solution was 
measured to determine the concentration of LiBF4 sample. Ethyl viologen hexafluoro phosphate, 
Benzyl-ethyl viologen dihexafluorophosphate and polyvinylbenzyl chloride particles were 
synthesized following the reported protocols. 
 
Table A.5 Crossover studies in side-bi-side cell 
Sample 
Percent Crossover (%) 
Celgard 2400 
 ( pore size: 43 nm) 
Celgard 2325  
(pore size: 28 nm) 
LiBF
4
 100 100 
Monomer 95 97 
RAP  14 7 
RAC 1 0.07 ± 0.01 0.07 ± 0.01 
RAC 2 0.04 ± 0.01 0.04 ± 0.01 













Figure A.7 Rheological properties of viologen RACs (a) Viscometry of RAC 2 with and without 
supporting electrolyte. (b) Oscillatory results of elastic and storage moduli (G’ and G’’) for RAC 2. (c–d) 
Steady-state flow viscometry measurements from 5 wt % (0.11M) to 40 wt % (0.88M) in 1 M LiBF4, 
acetonitrile for both RAC 2 (c) and RAC 3 (d). (e) Elastic and storage moduli as a function of RAC 






Viscometry results in Figure A.7a show at identical concentration, viologen RAC 2 
dispersions (25 wt %) in the presence of high ionic strength (1 M LiBF4, acetonitrile) exhibit 
lowered viscosity across three orders of magnitude of shear rates (10-1 to 10-2 s-1). This confirms 
the RACs de-swell at higher ionic strengths, leading to lowered occupied volume, or effective 
volume, manifesting as lowered viscosity. Oscillatory results in Figure A.7b also show lowered 
elastic modulus (G’) for the RAC 2 suspension in high ionic strength, indicating a softened state. 
The 2-orders of magnitude drop in yield stress shown through the transition from the solid-like 
state (G’ plateau) to the liquid-like state (G’ drop) echoes with the viscosity drop (Figure A.7a). 
Steady-state flow viscometry results for suspensions of both RAC sizes show transition from 
Newtonian-like behavior to shear-thinning with the increase in concentration (Figure A.7c–d). 
This transition near 15 wt% and 25 wt% for RAC 2 and RAC 3, respectively, highlight the gel 
point, a transition from a fluid-like (G’ < G’’) to a gel-like (G’ > G’’) state. Additionally, in the 
elastic and storage moduli as a function of RAC concentration for various RAC blending ratios 
(Figure A.7e), the change in slope of G’ vs RAC concentration emphasizes the gel point. 
Experimental conditions: Parallel plate geometry of stainless steel with smooth surface 
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Supporting Information for Chapter 3† 
 
 
B.1 General Information 
All air or moisture-sensitive manipulations were performed under nitrogen atmosphere 
using standard Schlenk techniques. All glassware was oven-dried prior to use. Unless otherwise 
stated, all starting materials and reagents were purchased from Sigma-Aldrich, Fisher Scientific 
or Matrix Scientific and used without further purification. Dimethyl formamide (DMF) and 
tetrahedrofuran (THF) was obtained from a Solvent Delivery System (SDS) equipped with 
activated neutral alumina columns under argon. Spectroscopic grade acetonitrile was used for 
DLS and electrochemical measurements. Elemental analyses were performed on the following 
instruments: CHN analysis - Exeter Analytical CE 440 and Perkin Elmer 2440, Series II; ICP 
analysis - ICP-MS and ICP-OES; Halide analysis - Titration & ISE. 
 
 
B.2 Synthesis and Characterization of Redox Active Molecules and Polymers 
Benzyl-ethyl viologen dihexafluorophosphate (BEV), Ethyl viologen redox active polymer 
(PEV), and Ammonium ferrocenylmethyl redox active polymer (PAF) are synthesized using 
reported protocols.1-2 
 
                                                 
†This appendix appeared in the Journal of the Electrochemical Society as supplementary information to:  
Montoto, E. C.; Nagarjuna, G.; Moore, J. S.; Rodríguez-López, J., Redox Active Polymers for Non-
Aqueous Redox Flow Batteries: Validation of the Size-Exclusion Approach. J. Electrochem. Soc. 
2017, 164 (7), A1688-A1694.  
The accompanying Supplementary Information has been adapted with permission from the publisher and 





(Dimethylaminomethyl) ferrocene (1 g, 4.1 mmol, 1 eq) and benzylbromide (1.4g, 8.2 mmol, 2 
eq) were reacted in acetronitrile at room temperature for 24 h. The resultant reaction mixture was 
added to Et2O, and the solid was filtered out and washed with ether by doing multiple 
centrifugations. The solid was then redissolved in a minimal amount of MeCN/DMF and NH4PF6 
(10 equiv) in a minimal amount of H2O was added portion wise. The resulting mixture was stirred 
for 24 h and was precipitated in water, and the solid was washed with water by doing multiple 
centrifugations. The resultant solid was dissolved in acetonitrile and precipitated in ether followed 
by multiple centrifugations in ether (till the supernatant was colorless). The solid was dried under 
vacuum for 24 h to yield the monomer (1.3 g, 65%, 2 steps) as a yellow powder. 1H NMR (500 
MHz, CD3CN) δ 2.73 [s, 6H, N+(CH3)2], 4.26 (s, 5H, CpH), 4.31 (s, 2H, N+CH2Ph), 4.39 (s, 2H, 
CpCH2N+), 4.41 (m, 2H, CpH), 4.48 (m, 2H, CpH); 7.52 (m, 5H, Ph)  13C NMR (125 MHz, 
CD3CN) δ 134.0, 131.7, 130.2, 128.5, 73.5, 73.3, 71.6, 70.3, 68.4, 67.2, 49.3 (t, J = 4.7 Hz). HRMS 
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Supporting Information for Chapter 4† 
 
 
C.1 General Information 
All air or moisture-sensitive manipulations were performed under nitrogen atmosphere 
using standard Schlenk techniques. Unless otherwise stated, all chemicals were purchased from 
commercial suppliers (Aldrich, Acros Organics,TCI America, and Alfa Aesar) and used without 
further purification. ω-bromoalkyl-styrenes and 2,3-bis(diisopropylamino)-1-
chlorocyclopropenium chloride were prepared following reported procedures.1 Polymers were 
purified by dialysis against water (SnakeSkin™ Dialysis Tubing, 10K MWCO, 35 mm). Nuclear 
magnetic resonance (NMR) spectra (400 MHz and 500 MHz) were recorded at rt (298 K). 
Chemical shifts were referenced on tetramethylsilane (TMS) or residual solvent peaks. Column 
chromatography were performed on Biotage Isolera using Silicycle Siliasep HP flash cartridges.  
Infrared spectra (percent transmittance) were acquired on a Nicolet Nexus 670 FT-IR 
spectrometer with an ATR-IR attachment. High resolution electron impact ionization (EI) mass 
spectrometry was performed on Micromass 70-VSE. High resolution electrospray ionization (ESI) 
mass spectrometry was performed on Waters Synapt G2-SI. Analytical gel permeation 
chromatography (GPC) experiments were performed on a hybrid system equipped with a Waters 
                                                 
†This appendix appeared in the journal Macromolecules as supplementary information to:  
Montoto, E. C.; Cao, Y.; Hernández-Burgos, K.; Sevov, C. S.; Braten, M. N.; Helms, B. A.; 
Moore, J. S.; Rodríguez-López, J., Effect of the Backbone Tether on the Electrochemical 
Properties of Soluble Cyclopropenium Redox-Active Polymers. Macromolecules 2018, 51 (10), 
3539-3546. 
The accompanying Supplementary Information has been adapted with permission from the publisher 
and is available from https://pubs.acs.org/ and using DOI: 10.1021/acs.macromol.8b00574. Copyright 
2018 American Chemical Society. 
128 
 
1515 isocratic pump, a Waters 2414 refractive index detector, a Waters 2998 photodiode array 
detector, and a miniDAWN TREOS 3-angle laser light scattering detector (MALLS, Wyatt 
Technology, CA). The detection wavelength of the TREOS detector was set at 658 nm. The 
MALLS detector was calibrated using pure toluene and used for the determination of the absolute 
molecular weights. Elemental analyses were performed on Exeter Analytical CE 440 and Perkin 
Elmer 2440, Series II. The polymer formula for Calcd values are based on Mn measurement by 




C.2 Synthesis and Characterization of Compounds 
 
N-(4-vinylbenzyl) ethanamine (1a): To a mixture of 4-vinylbenzyl chloride (7.32 g, 48 mmol, 
1.0 equiv) in dry THF (420 mL) was added ethylamine (32.46 g, 720 mmol, 15 equiv) at 0 ℃. The 
reaction was warmed to rt and stirred under nitrogen atmosphere for additional 24 h. The yellow 
mixture was concentrated under reduced pressure. The solid crude was dissolved in CH2Cl2 (200 
mL), washed with NaOH (1.0 M, 50 mL × 3), H2O (50 mL × 2), brine (50 mL) and dried over 
anhydrous Na2SO4. The organic phase was concentrated and purified by flash chromatography 
(SiO2, 7:93 MeOH/CH2Cl2) to afford 1a (6.33 g, 82 %) as a yellow oil. 1H NMR (500 MHz, 
CDCl3): δ = 7.37 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 6.71 (dd, J = 17.5, 10.9 Hz, 1H), 
5.73 (d, J = 17.5 Hz, 1H), 5.22 (d, J = 10.9 Hz, 1H), 3.78 (s, 2H), 2.67 (q, J = 7.1, 2H), 1.13 (t, J = 
7.1, 3H). 13C NMR (125 MHz, CDCl3): δ = 140.13, 136.56, 136.24, 128.28, 126.21, 113.39, 53.64, 




N-ethyl-5-(4-vinylphenyl) pentan-1-amine (1b): To a solution of ethylamine (5.41 g, 120 mmol, 
5.0 equiv) in THF (60 mL) was added 1-(5-bromopentyl)-4-vinylbenzene (6.08 g, 24 mmol, 1.0 
equiv) at rt. The mixture was heated in a sealed flask (100 mL) at 40 ℃ for 48 h. The reaction was 
cooled to rt, concentrated under reduced pressure and dissolved in CH2Cl2 (100 mL). The yellow 
solution was washed with NaOH (1.0 M, 25 mL × 3), H2O (25 mL × 2), brine (25 mL) and dried 
over anhydrous Na2SO4. The crude product was purified by flash chromatography (SiO2, 5:95 
MeOH/CH2Cl2) to afford 1b (3.97 g, 76 %) as a yellow oil. 1H NMR (500 MHz, CDCl3): δ = 7.32 
(d, J = 8.1 Hz, 2H), 7.13 (d, J = 8.1 Hz, 2H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.70 (dd, J = 17.5, 
1.0 Hz, 1H), 5.18 (dd, J = 10.9, 1.0 Hz, 1H), 3.47-2.90 (br, 1H), 2.70 (q, J = 7.2 Hz, 2H), 2.67-
2.57 (m, 4H), 1.68-1.52 (m, 4H), 1.44-1.30 (m, 2H), 1.16 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, 
CDCl3): δ = 142.33, 136.69, 135.13, 128.55, 126.15, 112.86, 49.42, 43.97, 35.55, 31.23, 29.40, 
26.94, 14.69. HRMS-ESI: C15H24N [M + H]+ Calc’d 218.1909, Found 218.1908. 
 
N-ethyl-7-(4-vinylphenyl) heptan-1-amine (1c): Following the procedure for 1b, 1-(7-
bromoheptyl)-4-vinylbenzene (6.75 g, 24 mmol, 1.0 equiv) and ethylamine (5.41 g, 120 mmol, 5.0 
equiv) in THF (60 mL) yielded 1c (3.89 g, 66 %) as a yellow solid after flash chromatography 
(SiO2, 5:95 MeOH/CH2Cl2). 1H NMR (500 MHz, CDCl3): 7.34 (d, J = 8.2 Hz, 2H), 7.14 (d, J = 
8.2 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H), 5.72 (dd, J = 17.6, 1.0 Hz, 1H), 5.21 (dd, J = 10.8, 
1.0 Hz, 1H), 3.08 (q, J = 7.3 Hz, 2H), 2.99-2.89 (m, 2H), 2.66-2.53 (m, 2H), 1.94 (p, J = 7.9 Hz, 
2H), 1.61 (m, 2H), 1.52 (t, J = 7.3 Hz, 3H), 1.36 (m, 1.44-1.19, 6H). 13C NMR (125 MHz, CDCl3): 
δ = 142.36, 136.70, 135.10, 128.56, 126.15, 112.86, 47.20, 42.72, 35.55, 31.21, 28.96, 28.87, 











N-(2,3-bis(diisopropylamino)cyclopropenium)-N-(4-vinylbenzyl)ethanamine chloride (2a): 
To the mixture of 1a (7.74 g, 48 mmol, 1.2 equiv) and Et3N (12.14 g, 120 mmol, 3.0 equiv) in 
CH2Cl2 (440 mL) was added 2,3-bis(diisopropylamino)-1-chlorocyclopropenium chloride (12.29 
g, 40 mmol, 1.0 equiv) at 0 ℃. The reaction was stirred at rt for 18 h. The crude was concentrated 
under reduced pressure and subject to flash chromatography (SiO2, 6:94 MeOH/CH2Cl2) to afford 
2a (11.58 g, 67 %) as an amber color oil. 1H NMR (500 MHz, CDCl3): δ = 7.44 (d, J = 8.1 Hz, 
2H), 7.23 (d, J = 8.1 Hz, 2H), 6.70 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (d, J = 17.6 Hz, 1H), 5.27 (d, 
J = 10.9 Hz, 1H), 4.65 (s, 2H), 3.85 (sep, J = 6.9 Hz, 4H), 3.45 (q, J = 7.2 Hz, 2H), 1.34 (d, J = 
6.9 Hz, 24H), 1.21 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ = 137.55, 136.05, 134.85, 
127.24, 126.94, 118.58, 117.68, 114.49, 54.40, 51.63, 46.27, 21.89, 13.32. HRMS-ESI: C26H42N3 
[M]+ Calc’d 396.3379, Found 396.3383. 
 
N-(2,3-bis(diisopropylamino)cyclopropenium)-N-ethyl-5-(4-vinylphenyl)pentan-1-amine 
chloride (2b): Following the procedure for 2a, 1b (1.56 g, 7.2 mmol, 1.2 equiv), Et3N (1.82 g, 18 
mmol, 3.0 equiv) and 2,3-bis(diisopropylamino)-1-chlorocyclopropenium chloride (1.84 g, 6.0 
mmol, 1.0 equiv) in CH2Cl2 (60 mL) yielded 2b (1.96 g, 67 %) as a yellow oil after flash 
chromatography (SiO2, 5:95 MeOH/CH2Cl2). 1H NMR (500 MHz, CDCl3): δ = 7.31 (d, J = 8.1 
Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.69 (dd, J = 17.6, 1.0 Hz, 1H), 
5.19 (dd, J = 10.9, 1.0 Hz, 1H), 3.84 (sep, J = 6.9 Hz, 4H), 3.53 (q, J = 7.2 Hz, 2H), 3.47-3.37 (m, 
2H), 2.60 (t, J = 7.5 Hz, 2H), 1.64 (m, 4H), 1.34 (d, J = 6.9 Hz, 24H), 1.32-1.29 (m, 2H), 1.26 (t, 
J = 7.2 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ = 141.58, 136.54, 135.36, 128.54, 126.21, 118.61, 
117.60, 113.12, 51.64, 51.54, 46.74, 35.32, 30.87, 28.98, 25.78, 22.17, 14.41. HRMS-ESI: 












chloride (2c): Following the procedure for 2a, 1c (1.21 g, 5.0 mmol, 1.2 equiv), Et3N (1.24 g, 12.3 
mmol, 3.0 equiv) and 2,3-bis(diisopropylamino)-1-chlorocyclopropenium chloride (1.27 g, 4.1 
mmol, 1.0 equiv) in CH2Cl2 (45 mL) yielded 2c (1.37 g, 65 %) as a yellow oil after flash 
chromatography (SiO2, 5:95 MeOH/CH2Cl2). 1H NMR (500 MHz, CDCl3): δ = 7.32 (d, J = 8.2 
Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.69 (dd, J = 17.6, 1.0 Hz, 1H), 
5.18 (dd, J = 10.9, 1.0 Hz, 1H), 3.87 (sep, J = 6.9 Hz, 4H), 3.56 (q, J = 7.2 Hz, 2H), 3.47-3.40 (m, 
2H), 2.58 (t, J = 7.6 Hz, 2H), 1.60 (m, 4H), 1.37 (d, J = 6.9 Hz, 24H), 1.33 (s, 4H), 1.28 (t, J = 7.2 
Hz, 3H). 13C NMR (125 MHz, CDCl3): δ = 142.54, 136.86, 135.37, 128.78, 126.36, 118.99, 
117.95, 113.16, 51.88, 47.05, 35.78, 31.45, 29.45, 29.27, 29.26, 26.57, 22.48, 14.70. HRMS-ESI: 
C32H54N3 [M]+ Calc’d 480.4318, Found 480.4314. 
 
C1 Tethered cyclopropenium-hexafluoro phosphate polymer (p1CP): In a 10 mL Schlenk 
tube, 2a (902.4 mg, 2.4 mmol, 25 equiv), AIBN (1.6 mg, 9.6 µmol, 0.1 equiv), ethyl 2-
(phenylcarbonothioylthio)-2-phenylacetate (30.4 mg, 96 µmol, 1.0 equiv) were dissolved in dry 
DMF (0.5 mL). The mixture was degassed by freeze-pump-thaw (× 3) and stirred at 95 ℃ for 16 
h. The reaction was cooled to rt, diluted by H2O to 10 mL and purified by dialysis against deionized 
water (SnakeSkin™ membrane, 10.0 k MWCO). The dialysis was performed for 24 h with 
deionized water changed every 8 h. A concentrated solution of ammonium hexafluoro phosphate 
(3.9 g, 24 mmol, 250 equiv) solution was prepared in water (10 mL) and added to the above 
polymer solution. The resultant solution was stirred at rt for 18 h to complete ion exchange. The 
precipitated product was washed by deionized water (90 mL× 3), isopropanol (45 mL × 3) and 
dried under vacuum to yield a slightly orange solid p1CP (709.5 mg, 61%). 1H NMR (500 MHz, 
CD3CN) δ = 7.33-6.84 (2H), 6.83-6.22 (2H), 4.75-4.29 (2H), 4.00-3.68 (4H), 3.47-3.11 (2H), 1.37-








C5 Tethered cyclopropenium-hexafluoro phosphate polymer (p5CP): Following the 
procedure for P1CP, monomer 2b (642.6 mg, 1.32 mmol, 25 equiv), AIBN (0.9 mg, 5.3 µmol, 0.1 
equiv), and ethyl 2-(phenylcarbonothioylthio)-2-phenylacetate (16.7 mg, 53 µmol, 1.0 equiv) in 
dry DMF (0.3 mL) yielded p5CP (578.5 mg, 72%) after the same purification procedures as p1CP 
followed by ion exchange with hexafluoro phosphate (2.15 g, 13.2 mmol, 250 equiv). 1H NMR 
(500 MHz, CD3CN) δ = 7.50-6.23 (4H), 4.06-3.71 (4H), 3.58-3.27 (4H), 2.71-2.71 (2H), 1.73-
1.49 (4H), 1.42-1.22 (26H), 1.23-1.04 (3H).  
 
C7 Tethered cyclopropenium-hexafluoro phosphate polymer (p7CP): Following the 
procedure for p1CP, monomer 2c (762.2 mg, 1.56 mmol, 25 equiv), AIBN (1.0 mg, 6.2 µmol, 0.1 
equiv), and ethyl 2-(phenylcarbonothioylthio)-2-phenylacetate (19.7 mg, 62 µmol, 1.0 equiv) in 
dry DMF (0.4 mL) yielded p7CP (519.2 mg, 55%) after the same purification procedures as p1CP 
followed by ion exchange with hexafluoro phosphate (2.54 g, 15.6 mmol, 250 equiv). 1H NMR 
(500 MHz, CD3CN) δ = 7.37-6.11 (4H), 4.04-3.70 (4H), 3.57-3.24 (4H), 2.66-2.34 (2H), 1.77-
1.42 (6H), 1.40-1.25 (28H), 1.24-1.10 (3H).  
 
 
Table C.1 Elemental Analysis (C, H, N) of CP RAPs 
Compound Element C H N 
p1CP 
Theoretical* (%) 57.87 7.73 7.52 
Experimental (%) 57.77 7.60 7.50 
Difference -0.10 -0.13 -0.02 
p5CP 
Theoretical* (%) 60.41 8.34 6.83 
Experimental (%) 60.26 7.97 6.68 
Difference -0.15 -0.37 -0.15 
p7CP 
Theoretical* (%) 61.56 8.53 6.41 
Experimental (%) 61.44 8.20 6.48 
Difference -0.12 -0.33 0.07 







C.3 1H and 13C NMR Spectra 
 
Figure C.1 1H NMR spectrum of 1a (500 MHz, CDCl3). 
 
 








































































C.4 Polymer Solubility 
Table C.2 CP polymer solubilities at rt in acetonitrile 






C.5 FT-IR Spectra 
 













C.6 GPC Chromatograms 
 

























C.7 UV-Vis Spectra 
 
Figure C.18 UV-Vis Spectra of p1CP – p7CP. Spectra and corresponding calibration curves with molar 
absorptivity (ε) for each as the slope of the linear fit. Taken with acetonitrile as solvent. 
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C.8 Computational Supplementary Figures 
 
 
Figure C.19 Computational method utilized for the DFT calculations. The linear regression shows the fit 








Figure C.20 Linker length dependence on the electronic structure. The spin density surface shows the 
unpaired electron (in blue) for the cation radical. The molecular orbitals isosurfaces indicates that as the 
tether length increased, the unpaired cation is localized within the amino-CP ring, decreasing electronic 






Figure C.21 Molecular orbitals for reduced and oxidized CP centers with varying linker length. These 




C.9 Electrochemical Supplementary Figures   
 
Figure C.22 Crosslinked PIM-1 membrane and Celgard impedance. 
 
 
PIM-1 was synthesized according to literature procedures,3 with additional purification 
provided through precipitation of a 25 mg mL–1 chloroform ink into three times the volume of 
acetonitrile. The precipitate was collected through vacuum filtration and dried under reduced 
pressure. Thin films of PIM-1 were prepared on Celgard 2400 supports through application of 
chloroform inks with 50 mg mL–1 polymer loading and five or ten mole percent 2,6-Bis(4-
azidobenzylidene)cyclohexanone crosslinker. The inks were applied to the supports with an 
Elcometer 4340 Automatic Film Applicator equipped with a 20 µm wire wound rod. The supported 
films were then transferred to an Argon filled glovebox where crosslinking was achieved through 
exposure to 365 nm radiation (6W) for 1 h. 
Membrane samples with a 15 mm diameter were soaked in an electrolyte of 0.5 M TBAPF6 
in acetonitrile before being loaded in to a Swagelok cell fitted with two 12 mm diameter stainless 
steel electrodes. Electrochemical impedance spectra were obtained with a Biologic VMP3 with a 
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